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I. SUMMARY 

This c o n t r a c t  e f f o r t  has  led t o  a f e a s i b i l i t y  demonstration 
of an Earth Aspect Sensor i n  i t s  e l e c t r o n i c  breadboard form. The 
reader  i s  r e f e r r e d  t o  Sec t ion  V I I ,  "Major Remaining Test ing and 
Design Tasks." The e x i s t i n g  design can lead to  a l ight-weight,  long 
range, s o l i d - s t a t e  a t t i t u d e  sensor  for  use on a spinning spacecraf t .  
Bas ica l ly ,  t h e  device measures t h e  angle  between the  veh ic l e  sp in  
a x i s  and t h e  l i n e  of s i g h t  t o  t h e  ea r th :  ou tputs  can be used e i t h e r  
f o r  veh ic l e  a t t i t u d e  c o n t r o l  o r  for  attS.tude measurement i n  conjunc- 
t i o n  with payload experiments. Key f e a t u r e s  of t h e  sensor  are: 

1) A b i l i t y  t o  opera te  a t  great d i s t ances  f r o m  t h e  earth 
{up t o  50 mi l l i on  m i l e s  with t h e  present  design).* 

2 )  A l l  s o l i d - s t a t e  design, including de tec to r  (a photo- 
v o l t a i c  ce l l  is used ins tead  of a photomul t ip l ie r ) .  

3)  A b i l i t y  t o  d iscr imina te  between t h e  e a r t h  and o the r  
bodies by measuring t a r g e t  co lor .  

Accuracy of 5% degree i n  a 215 degree f i e l d  of view. 4) 

5 ) .  Light weight (2 .8  lb) . . 

6)  Low power requirement (1.5 w a t t s ) .  

Ear ly  at tempts  t o  def ine  genera l  design cons idera t ions  and 
r e s t r a i n t s  l e d  t o  t h e  examination of poss ib l e  missions on which the  
sensor might be employed. Three t y p i c a l  missions w e r e  studied: 
a s o l a r  probe and two p lane tary  probes (Mars and Venus). A l l  
missions c a r r i e d  t echn ica l ly  poss ib le  laur,ch dates b u t  d i d  not  
necessa r i ly  ind ica t e  a c t u a l  planning by NASA. Several  i n t e r e s t i n g  
problems appeared e a r l y  i n  t h i s  s tudy,  perhaps t h e  most s t r i k i n g  
being the extreme v a r i a t i o n  i n  range over which the sensor  might be 
required t o  perform. 
nomical u n i t  (approximately 93 mi l l i on  m i l e s ) .  

The maximum range could be i n  excess of 1 astro- 

Another i n t e r e s t i n g  r e s u l t  of t h e  study was t h e  determination 
t h a t  t h e  sun w i l l  i n t e r f e r e  with e a r t h  sensing i n  regions of space 
where the angle  between t h e  e a r t h  and the  sun, as viewed from t h e  
spacec ra f t ,  becomes as s m a l l  as t h e  f i e l d  of view ( p l u s  a margin f o r  
t h e  system d e t e c t o r  t o  recover a f t e r  exposure t o  t h e  s u n ) ,  Such 
in t e r f e rence  would e x i s t  t o  some degree for  any sensor  of e a r t h  
r a d i a t i o n  because of t he  extreme r e l a t i v e  br ightness  of t h e  sun. 

*Assuming a f u l l y  i l lumina ted  e a r t h ,  o r  zero-degree phase. Phase i s  
def ined a s  the  angle  subtended a t  a p l ane t  by l i n e s  t o  t h e  vehic le  
and t o  the sun. 



The second s t e p  i n  t h e  e a r t h  aspec t  sensor development program 
was a d e t a i l e d  s tudy of t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  of t h e  e a r t h  
and of o ther  p l ane t s  t h a t  could be  b r i g h t  enough t o  i n t e r f e r e  wi th  
opera t ion  of t h e  sensor.  A comparison of u l t r a v i o l e t ,  v i s i b l e ,  
near - inf ra red ,  and emit ted- infrared sensing revealed t h a t  t h e  
v i s i b l e  region (0.3 t o  1.0 micron) was t h e  b e s t  choice. From a 
comparison of t a r g e t  d i scr imina t ion  by means of br ightness ,  angular 
s i z e ,  p o s i t i o n  wi th  r e spec t  t o  t h e  vehic le  sp in  phase, and co lo r ,  
it was concluded t h a t  co lor  d i scr imina t ion  was t h e  most f e a s i b l e ;  
t he  ea r th ,  a s  viewed from space, i s  s u b s t a n t i a l l y  b lue r  than any 
o ther  p l ane t s  of comparable br ightness .  

O n  t h e  b a s i s  of t h e  above f indings,  e f f o r t  w a s  i n i t i a t e d  on 
o p t i c a l  and e l e c t r o n i c  design. Numerous concepts were generated 
and evaluated,  culminating i n  an o p t i k a l  system based on measurement 
of t h e  width of t h e  e a r t h  pulse  and u t i l i z i n g  s o l i d - s t a t e  s i l i c o n  
photovol ta ic  d e t e c t o r s ,  combined with a spin-coherent e l e c t r o n i c  
s ignal-processing system wi th  d i g i t a l  i n t eg ra t ion .  
system c o n s i s t s  of an objec t ive  l ens ,  cor rec ted  over a wide s p e c t r a l  

and a s e r i e s  of condensing lenses  t h a t  form an image of t h e  objec t ive-  
l e n s  ape r tu re  s t o p  onto a c i r c u l a r ,  s i l i c o n  photovol ta ic  de tec tor .  
The de tec to r  i s  s p l i t  along i t s  diameter ,  and separa te  outputs  a r e  
ava i l ab le  from each h a l f .  One h a l f  i s  covered wi th  a red  f i l t e r ,  
whi le  t h e  o ther  h a l f  i s  covered with a b lue  f i l t e r .  The cond.ensing 
lenses  in su re  complete defocusing of t he  ea r th  image so t h a t  l i g h t  
from t h e  e a r t h  w i l l  be  spread equal ly  over both t h e  red  and b lue  
halves  of t h e  de tec tor .  

The o p t i c a l  

- region,  t h a t  images t h e  e a r t h  onto a trapezoidal-shaped r e t i c l e ;  

The sensar  i s  mounted on the  vehic le  wi th  t h e  o p t i c a l  a x i s  
perpendicular  t o  t h e  vehic le  spin ax i s .  A s  t he  vehic le  sp ins ,  
images of t h e  s t a r s ,  t h e  e a r t h ,  and t h e  o ther  p l ane t s  pass  across  
t h e  t rapezoida l  r e t i c l e ,  producing approximately square output  
pu lses  from t h e  two de tec to r  halves .  The width of these  pulses  i s  
a measure of t he  angle between the  vehic le  spin a x i s  and t h e  l i n e  
of s i g h t  t o  t h e  t a r g e t s .  When t h e  e a r t h  passes  t h e  f i e l d  of view, 
t h e  ear th-pulse  width i s  propor t iona l  t o  t h e  ear th-aspec t  angle 
t o  be  measured. 

The s o l i d - s t a t e  s i l i c o n  photovol ta ic  de t ec to r  was se l ec t ed  
f o r  t he  sensor  r a t h e r  than a photomul t ip l ie r  tube f o r  t h r e e  b a s i c  
reasons,  F i r s t ,  t he  photomul t ip l ie r  i s  sub jec t  t o  d e t e r i o r a t i o n  
when exposed t o  h igh- in tens i ty  pulses ,  a s  w i l l  be t h e  case  i m  most 
app l i ca t ions  of t h e  sensor ,  i n  which t h e  sun w i l - l  pass  through t h e  
f i e l d  of view once each vehic le  revolut ion.  Second, a photomulti- 
p l i e r  wi th  i t s  assoc ia ted  high-voltage power supply i s  r e l a t i v e l y  
bulky and heavy, both undesirable  f e a t u r e s  fo r  deep-space probes 
where payload weight i s  very l imi ted .  F i n a l l y ,  t h e  r e l i a b i l i t y  
fo r  a long per iod i n  o r b i t  would be higher  wi th  a s o l i d - s t a t e  
de t ec to r  s ince  it requi res  no high vol tages .  Having se l ec t ed  t h e  
s o l i d - s t a t e  de t ec to r  fo r  t hese  reasons,  it was thelz necessary t o  

2 



u t i l i z e  a spin-coherent e l e c t r o n i c  system because the s o l i d - s t a t e  
d e t e c t o r ,  having only a f r a c t i o n  of t h e  d e t e c t i v i t y  of a photo- 
m u l t i p l i e r ,  g ives  a l o w e r  signal-to-noise r a t io  than desired.  

I n  the signal-processing e l e c t r o n i c s ,  l o c a l l y  generated pu l ses  
a r e  matched i n  both  width and phase t o  t h e  very weak e a r t h  pulses  
from t h e  s i g n a l  preampl i f ie r ,  The matching is accomplished wi th  
t w o  a l l - e l e c t r o n i c  servo loops,  one t o  con t ro l  t h e  t i m e  a t  which 
t h e  l o c a l l y  generated pu l ses  occur,  t h e  second t o  con t ro l  t h e  
dura t ion  of t h e  l o c a l l y  generated pulses .  
an ear th-present  i nd ica t ion ,  and hemisphere-determination l o g i c  i s  
also ava i lab le .  With t h i s  kind of processing, t h e  effective time 
cons tan t  i s  equal t o  t h e  t i m e  constant  of t h e  var ious servo loops 
involved. 
almost any desired length.  

A t h i rd  channel provides 

Dig i t a l - in t eg ra t ion  techniques permit t i m e s  cons tan ts  of 
d 

The program r e s u l t e d  i n  t h e  design and f a b r i c a t i o n  of an 
o p t i c a l  head and an e l e c t r o n i c  signal-processing breadboard f o r  
t h e  e a r t h  aspec t  sensor.  Preliminary t e s t i n g  of the breadboard. 
demonstrated t h a t  the system i s  capable of searching f o r  and 
locking on the e a r t h  a t  ranges of up t o  50 mi l l i on  m i l e s  w i t f i  an 
accuracy of -11/2 degree and a f i e l d  of view of 215 degrees.  

Accuracy and f i e l d  of view a r e  governed c h i e f l y  by t h e  geometry' 
of t h e  o p t i c a l  system, while  range i s  a bet ter  i n d i c a t o r  of e l e c t r o n i c  
performance. Further  e l e c t r o n i c  development could be expected. t o  
r e s u l t  i n  s t i l l  g r e a t e r  range. Accuracy can be improved by indkpen- 
6 e n t l y  varying t h e  angular  s e n s i t i v i t y  of t h e  system, which can be 
increased merely by changing the geometry of the  re t ic le  t h a t  
determines t h e  f i e l d  of view. For a f ixed noise  f igu re ,  t h e  noise  
equivalent  angle  decreases,  Ef fec t ive ly ,  t h e  accuracy f o r  a given 
range w i l l  i nc rease  while  t h e  f i e l d  of view w i l l  decrease. For 
example, t h e  p re sen t  design would be capable of +0,1 degree accuracy 
over a +_3 degree tilt range of t h e  sp in  a x i s ,  o r  of t0.03 degree 
accuracy over a 21 degree tilt range, a t  50 mi l l i on  m . i l e s .  

The expected s i z e ,  weight,  and power of t h e  sensor ,  u t i l i z i n g  
in t eg ra t ed  e l e c t r o n i c  c i r c u i t s ,  a r e  l i s t e d  below. 

S i z e  Weight Power 
-0p t i c s 1" dia .  x 4"  0.8 lb - 
Elec t ronic  
Package 3" x 5" x 2"  

2 lb 

I n  t h e  development of t h e  sensor f o r  a f e a s i b i l i t y  demonstration, 
considerable  a t t e n t i o n  was given t o  t h e  reduct ion of e l e c t r o n i c  
noise  and d r i f t ,  b u t  no attempt w a s  made to optimize e i t h e r  t h e  
o p t i c s  o r  t h e  e l e c t r o n i c  package f o r  weight o r  s i z e .  The numbers 
above, however, a r e  c a r e f u l  es t imates  of a f l ight-system package, 
based on t h e  a c t u a l  breadboard sensor,  
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II - .  . INTRODUCTION 

A. Motivation 

The development of  the e a r t h  aspec t  sensor was o r i g i n a l l y  
i n i t i a t e d  because of concern over possible problems i n  t h e  
o r i e n t a t i o n  of t h e  Pioneer series of spacecraf t .  T h e  Pioneer,  
a spinning, so l a r -o rb i t i ng  vehic le ,  r equ i r e s  a two-step 
o r i e n t a t i o n  maneuver a f t e r  separa t ion  t o  achieve t h e  des i r ed  
a t t i t u d e .  The s c i e n t i f i c  experiments r e q u i r e  t h a t  t h e  sp in  
a x i s  be normal t o  the e c l i p t i c  plane,  This o r i e n t a t i o n  w i l l  
al low t h e  narrow-beam, high-gain antenria p a t t e r n  t o  i n t e r s e c t  
t h e  ea r th ,  

Step 1 o r i e n t a t i o n  t akes  p l ace  automatical ly  i n  a closed- 
loop fashion upon boom deployment, 
a x i s  normal t o  t h e  vehicle-sun l i n e  t o  maximize s o l a r  power. 

I t  e s t a b l i s h e s  t h e  sp in  

Step 2 o r i e n t a t i o n  i s  commanded i n  an open-loop fashion 
f r o m  t h e  ground. This maneuver precesses  t h e  sp in  a x i s  around 
t h e  vehicle-sun l i n e ,  A p a r t i a l  s t e p  2 i s  necessary j u s t  a f t e r  
completion of s t e p  1 t o  prevent  t h e  dead zone of t h e  omnidirec- 
t i o n a l  antenna f r o m  covering t h e  e a r t h  and i n t e r r u p t i n g  communi- 
ca t ion .  S t ep  2 m a y  not be completed u n t i l  some t i m e  l a t e r ,  
however, because of t he  t r a j e c t o r y  of t h e  vehicle .  I t  i s  
d e s i r a b l e  t o  achieve f i n a l  o r i e n t a t i o n  quickly i n  the event of 
a premature pneumatic- or command-subsystem f a i l u r e .  A sensor 
permi t t ing  a r ap id  and s u r e  o r i e n t a t i o n  would c e r t a i n l y  con t r ibu te  

venient  re ference  f o r  spacec ra f t  a t t i t u d e  determination; hence 
t h e  e a r t h  aspec t  sensor.  

t o  t h e  p r o h b i l i t y  Qf a successfu l  mission. T h e  e a r t h  i s  1 csn- 

The sensor was developed by Quant ic  I n d u s t r i e s ,  Inc. ,  f o r  
NASA/Ames Research Center,  Contract NAS2-3281,  under t h e  d i r e c t i o n  
of t h e  Vehicle Guidance and Control Branch of the  System Engineering 
Division. 

B. S t a t e m e n t  of Problem 

The a t t i t u d e  information t o  be sensed by t h e  e a r t h  aspec t  
sensor i s  t h e  average angle  (termed 0 )  between t h e  sp in  a x i s  of 
the vehic le  and t h e  l i n e  connecting t h e  veh ic l e  and t h e  geocenter 
of the e a r t h ,  measured i n  the plane containing t h e  veh ic l e  sp in  
a x i s  and t h e  e a r t h ,  Precession, or wobble, of t h e  veh ic l e  sp in  
a x i s  ( r e s u l t i n g  i n  rap id  o s c i l l a t i o n  of t h e  angle  e )  can cause 
e r r o r s  i n  sensor operat ion;  however, most spinning spacecraft a r e  
c a r e f u l l y  balanced and usua l ly  have a wobble-damping device t o  
remove t h e  dynamic e f f e c t  a f t e r  a s h o r t  per iod of t i m e ,  

. ._. ! 
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The requiremen-s placed on tALe sensor  w e r e :  11 +1/2 degree 
accuracy; 2 )  a l a r g e  dynamic range beginning a t  50,000 m i l e s ;  
3 )  s i m p l i c i t y  and r e l i a b i l i t y .  The average weight of s c i e n t i f i c  
experiments on a Pioneer i s  about 5.5 l b  each, and power con- 
sumption i s  somewhat more than 1 wat t ,  

The design goa ls  w e r e  changed somewhat about mid-way through 
t h e  program. 
ib l e  wi th  t h e  Pioneer requirements was ready f o r  breadboarding, and 
an engineering model would have been complete wi th in  seve ra l  months, 
However, t h e  notab le  success of t w o  Pioneers launched a t  t h a t  t i m e  
i nd ica t ed  t h a t  t h e  o r i e n t a t i o n  procedure worked w e l l ,  a t  l eas t  i n  
those  t w o  cases ,  W i t h  t h e  Pioneer o r i e n t a t i o n  problem apparent ly  
surmounted, e f f o r t  i n  t h e  e a r t h  aspec t  sensor  development program w a s  
directed toward a sensor of g r e a t e r  c a p a b i l i t y ,  s p e c i f i c a l l y  with 
regard t o  opera t ing  range. 
a t  50 mi l l i on  m i l e s .  

A t  t h a t  t i m e ,  an e a r t h  aspect sensor design compat- 

The system range design goal  was set  
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111. STUDY TASKS 

A. The Earth Aspect Sensor Mission 

1. Description of Mission 

The ear th  aspect sensor (EAS) was designed for  a c lass  of 
missions rather  than for a specif ic  mission. This c lass  includes 
missions i n  which a spin-stabilized probe leaves the immediate 
v ic in i ty  of the earth and en te r s - a  solar  orb i t .  This would include 
solar  probes, planetary probes, or any other deepspace mission 
i n  the solar  system, with the r e s t r i c t ion  tha t  the o rb i t a l  plane 
w i l l  l i e  i n  or close t o  the plane of the ec l ip t i c .  The primary 
function of the EAS is  to  detect  the earth and determine the angle 
between the  spin axis of the probe and the l i n e  of s igh t  to  the 
earth.  The EAS mission has been concisely'stated i n  the work 
statement as follows: 

"The earth aspect sensor i s  t o  be a device 
placed aboard a spin-stabilized, heJiocentric 
orbi t ing,  deep-space vehicle from which a 
cer ta in  angle may be computed for  vehicle 
or ientat ion purposes. That angle i s  the one 
formed by the intersection of the vehicle 
spin axis and the l ine  from the veh.icle t o  
the ea r th ' s  geocenter; i . e . ,  the 'ear th  look 
angle. 

"A secondary purpose of the sensor i s  to  deter- 
mine the ce l e s t i a l  hemisphere into which the 
spin axis i s  pointing as define2 by the 
e c l i p t i c  plane. 'I 

2 .  Fundamental Detection and Discrimination Problems 

In  order for an EAS to  f u l f i l l  i t s  function, it mus t  be 
able to  cope t o  some extent with cer ta in  fundamental problems of 
detection and discrimination, as l i s ted  below. These problems 
w i l l  be encountered by the EAS on a l l  missions t o  a greater or 
lesser  degree, depending on the specif ic  t ra jectory.  

1) Obtaining adequate signal-to-noise r a t i o  when the 
distance is  large from the probe t o  the ear th .  

2 )  For a sensor relying on reflected sunlight,  obtaining 
suf f ic ien t  signal when only a small f ract ion of the illuminated 
portions of the ear th  are v is ib le  to  the sensor. 
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3 )  Discriminating against the moon and other planets even 
when the i r  over-all brightness, as seen from the position of the 
probe, i s  much greater than tha t  of the earth.  

4) Discriminating against the planets or the moon when 
the i r  angular separation from the earth,  as subtended a t  the 
probe, i s  small. 

5 )  Discriminating against bright s t a r s  which may have 
color indices similar t o  tha t  of the ear th  and which, under cer ta in  
conditions,’may have an apparent magnitude similar t o  t h a t  of the 
earth.  

6) Detecting the ear th  when i ts  angular separation from 
the sun, as subtended a t  the probe, i s  small. 

During the course of the program, various EAS concepts were 
studied, and it became apparent t h a t  none of these could completely 
overcome a l l  the above-mentioned problems.* The resu l tan t  version 
of the EAS is  therefore a compromise; a t  cer ta in  times during some 
missions, operation of the EAS w i l l  be submarginal. 

A s  i s  discussed i n  d e t a i l  i n  Section V, the version of the 
EAS developed during t h i s  program w i l l  be able t o  discriminate very 
well against possible interfer ing targets  (items 3 and 4 above), but 
t h i s  w a s  accomplished a t  the expense of range (item 1) .  The device 
operates i n  the v i s ib l e  spectral  region and therefore i s  limited by 
the constraints of item 2 .  
bright s t a r s  ( i t e m  5 ) ,  because t h i s  e f f ec t  is masked by i t e m  1. 

However, it need not discriminate against  

. 3 .  A T y p  i c a l  Mission 

I n  order t o  gain a be t t e r  appreciation of the problems tha t  
might be encountered, three missions were selected for detailed 
s tudy:  a solar  probe, a Venus pxobe, and a Mars probe. Although 
these missions were not or w i l l  not necessarily be scheduled, they 
have been considered and appear technically feasible .  
of one of these f l i g h t s ,  a solar  probe with a 5 May 1967 launch 
date,  i s  described below. 

The analysis 

* A device is  described i n  Section I V  which i n  principle i s  
completely independent of all the above problems as long as the 
mission i s  i n  or near the e c l i p t i c  plane. However, it does not 
operate by sensing the earth but rather two s t a r s  (one of which 
would be Canopus). Since further investigation of t h i s  device was 
deemed to  be outside the scope of the present contract, the e f f o r t  
was not carried beyond the concept stage. 
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F i r s t ,  t he  pred ic ted  t r a j e c t o r y  of the  probe was p lo t t ed ,  
and the  pos i t i on  of t he  probe a t  regular  time i n t e r v a l s  was i n d i -  
cated.  Then the  o r b i t s  .of the p lane ts  were p lo t t ed  on the  same 

.graph, and t h e i r  pos i t i ons  a t  regular  time i n t e r v a l s  were ind i -  
cated.  The planetary-coordinate  information was obtained from 
reference  1. These p l o t s  a r e  shown i n  Figure 1 (Mercury, Venus, 
and Earth) and Figure 2 (Earth,  Mars, and J u p i t e r ) .  

Based on these  p l o t s  f o r  the probe and f o r  each p lane t ,  
p l o t s  were made of probe-planet d i s tance  and p lane tary  phase 
(Figures  3 through 7 ) .  (Phase is defined a s  t h e  angle subtended 
a t  t h e  p lane t  by l i n e s  t o  the  probe and t o  the  sune  A phase angle  
of 0 degrees the re fo re  ind ica t e s  a f u l l y  i l lumina ted  t a r g e t . )  

An ear th-centered p l o t  was then made of  the  t r a j e c t o r y  of 
the  probe a s  it leaves the  v i c i n i t y  of t h e - e a r t h  (Figure 8 ) ,  with 
the  purpose of determining the phase angle and d i s t ance  of c l o s e s t  
approach t o  the  moon. 

A few add i t iona l  comments should be made regarding the p l o t s  
and the  ca l cu la t ions  leading t o  them. I n  all ca'ses, i n c l i n a t i o n s  
t o  the e c l i p t i c  were ignored, and c i r c u l a r  o r b i t s  were assumed. 
I n  addi t ion ,  t he  probe t r a j e c t o r y  was p lo t ted  on a sun-centered ro ta -  
t i n g  coordinate  system ( e a r t h  remaining f i x e d ) .  Saturn coordinates  
were tabula ted  b u t  no t  p lo t t ed .  However, t h i s  p l a n e t ' s  phase 
angle rernains small  and the percentage v a r i a t i o n  i n  probe-Saturn 
d i s t ance  i s  small  during t h e  mission. The p lane ts  beyond Saturn 
were not  considered s ince  they a r e  very f a i n t  and should pose no 
in t e r f e rence  problem t o  EAS's fo r  missions now under a c t i v e  s tudy.  

i n  the  probe parking o r b i t ,  the  e a r t h  w i l l  always appear 
b r i g h t e r  than the  moon except fo r  a period during each c i r c u i t  i n  
the  region where the  e a r t h  phase angle i s  180 degrees.  
i n j e c t i o n  and the  period immediately following, the  phase angle of 
the  e a r t h  w i l l  always be smaller  than t h a t  of the  moon and the  probe- 
e a r t h  d is tance  w i l l  always be l e s s  than the  probe-moon d is tance ;  
thus,  the  e a r t h  w i l l  always appear b r i g h t e r .  

During probe 

. 

. .  

During the  e n t i r e  mission, the  e a r t h  phase angle w i l l  always 
be 90 degrees o r  l e s s ,  which i s  favorable .  The period of m i n i m r i m  
e a r t h  s igna l  w i l l  be around 160 t o  240 days, when the probe-earth 
d is tance  approaches 2 astronomical u n i t s  ( A U ) .  

A t  approximately 120 days a f t e r  launch, the angle between 
the  e a r t h  and Venus, as  seen from the probe, w i l l  be very small ,  
which could lead t o  sensing problems. A s imi l a r  s i t u a t i o n  e x i s t s  
for the  e a r t h  and Mercury j u s t  a f t e r  180.days.  I t  recurs  a t  
approximately 210 days,  bu t  a t  t h i s  time t h e  phase angle of Mercury 
i s  la rge .  

A t  approximately 295 days, the e a r t h  and the sun a r e  i n  
conjunct ion and o p t i c a l  e a r t h  aspec t  sensing is  not  poss ib le .  

9 



d 





saax6ap ‘aseyd 
0 0 0 0 0 0 0 0 0 0 
60 Lo d (u 0 co u3 d N 
r-l r l  r i  ri rl 

0 
u3 
m 

0 
N 
m 

0 
co 
N 

0 
Tr 
N 

0 
0 
N 

0 
Lo 
ri 

0 
N 
r-4 

C 
co 

0 
Cj .  

TP N 0 0 Lo -3 N 

r-4 rl r i  0 0 0 0 0 
. 

t 
r 

12 



saaxbap ‘aseyd 
0 0 0 0 0 0 ’  0 0 0 co P G m d crt N ?-I 

N l-i 

0 a 
m 

0 
h) m 

0 a 
cu 

0 * 
cu 

0 
0 
01 

0 
u3 
r i  

0 
N 
rl 

tn 

w 
3 
ii;3 

0 co 

0 

13 



saaxbap ‘aseyd 
0 0 0 0 0 0 0 0 0 0 
m a3 P \D Ln d m nl t-l 

0 

N 

0 
0 1  m 

0 cn 
N 

0 
d 
N 

0 
0 
N 

0 
\D 
rl 

0 
N 

lrl 

I3 cz 
4 w 

w 

5 
ul 
H 
R 

x 
E cz 

VI 

0 
a3 

0 
Id 

0 

14 



saaxbap 'aspqa: 
0 0 0 0 0 0 0 0 0 0 
0 al \o rT) ts m N 4 

0 
\9 
m 

0 
N 
m 

0 

N 
m 

0 
d 
CJ 

0 
0 
M 

0 

4 

0 
N 
r-I 

0 
co 

0 * 

n 
2 



rl 0 

. 16 



210’ 190’  1 EO’ 170’ 163’ 1 5 0 ‘  

17 



4. Conclusions of Mission Study 

A s  a r e s u l t  of t h e  study of t he  s o l a r  probe mission descr ibed 
above and o the r  t yp ica l .mi s s ions ,  t h e  following conclusions w e r e  

-drawn concerning t h e  EAS design. 

1) For most missions,  a t  c e r t a i n  t i m e s  dur ing t h e  mission, 
t h e  apparent b r igh tness  of s o m e  of t h e  p l ane t s  w i l l  g r e a t l y  exceed 
t h e  b r igh tness  of t h e  e a r t h .  Also, because of phase and d i s t ance  
changes, t h e  apparent b r igh tness  of a l l  t a r g e t s  w i l l  vary widely.  
Thus, a sensing device based on apparent t o t a l  b r igh tness  did n o t  
appear f e a s i b l e .  

2 )  Except during depar ture  of t h e  probe from t h e  e a r t h  
and during very c l o s e  approaches t o  p l ane t s ,  a l l  t a r g e t s  w i l l  have 
a small  angular diameter and a t  m o s t  t i m e s  can be considered po in t  
sources .  A t  t i m e s  when the  probe i s  close t o  a t a r g e t ,  the angular 
s i z e  of t he  t a r g e t  w i l l  be varying rap id ly ;  f o r  t h i s  reason, aspec t  
sensing o r  d i scr imina t ion  based on angular s i z e  d id  no t  appear 
feasible.  

3 )  There w i l l  be s h o r t  per iods,  dar ing  missions going 
away from t h e  sun, i n  which t h e  phase angle w i l l  approach 180 degrees.  
For these  s h o r t  per iods,  successfu l  EAS opera t ion  i s  very doubtful .  

B. Tarqet Radiation S tudy  

A knowledge of the  r a d i a t i o n  c h a r a c t e r i s t i c s  of the  e a r t h  was 
of  course e s s e n t i a l  before  the  design of an o p t i c a l  EAS could be 
undertaken. In  addi t ion ,  s i n c e  t h e  EAS may have t o  d i s t i n g u i s h  
between the  e a r t h  and such possible i n t e r f e r i n g  t a r g e t s  a s  t h e  
moon and t h e  p l ane t s ,  t he  r a d i a t i o n  c h a r a c t e r i s t i c s  of these  bodies 
should a l s o  be known. In  order  t o  choose the  most favorable  oper- 
a t i n g  wavelengths, a wide s p e c t r a l  range from u l t r a v i o l e t  t o  
i n f r a red  w a s  considered. 

Planetary r a d i a t i o n  f a l l s  i n t o  two ca tegor ies :  r e f l e d t e d  sun- 
l i g h t  and thermal self  emission. For t h e  earth, r e f l e c t e d  s u n l i g h t  
i s  dominant i n  t h e  u l t r a v i o l e t ,  v i s i b l e ,  and near- infrared regions 
t o  approximately 4 microns , while thermal e m i s s i o n  becomes predominant 
i n  the  i n f r a r e d  beyond 4 microns. S i n c e  r a d i a t i o n  s t u d i e s  i n  t he  
var ious wavelength regions w e r e  done by d i f f e r e n t  researchers  using 
d i f f e r e n t  techniques,  t h e  regions a r e  discussed sepa ra t e ly  below. 
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1. T h e  V i s i b l e  Region (0 .353  t o  1.0 Micron) 

O f  a l l  t h e  wavelength regions,  t h e  v i s i b l e  region i s  the 
m o s t  thoroughly s tudied  and best  known. The work i n  t h i s  f i e l d  
up  through 1960 is w e l l  summarized i n  re ferences  2 ,  3 ,  and 4,; 
un les s  otherwise noted, a l l  information i n  t h i s  d i scuss ion  i s  
der ived f r o m  these re ferences .  

V i s i b l e  r a d i a t i o n  w i l l  be discussed i n  t e r m s  of f i ve  
s tandard bands, a-s f o l l o w s :  

Band Center Wavelength (micron) 

U 0 .353  

B 0.448 

V 0.554 

R 0.690 

I 0 .820  

The o p t i c a l  bandwidth of each of these  bands i s  r e l a t i v e l y  
wide (of t h e  order of 0.1. v ) .  Of t h e  f i v e ,  t h e  V band i s  the 
bes t  known and corresponds very  c l o s e l y  t o  khe response of the 
average human eye. 

a. Factors Affectiriq Planetary Maqni tude _- 
The magnitude of  a p l ane t  fo r  the inoon*) a s  seen f r o m  

a p a r t i c u l a r  po in t  i n  space depends on many f a c t o r s .  
e ~ c e  i s  sunmarized q u a R t i t a t i v e l y  in the fcl lowing eqcat ion:  

This depend- 
- 

V ( d , a )  = V ( 1 , O )  + 5 log ( rd )  -i Am(o;), (1) 

w h e r e  V(d,a) = magnitude of p l ane t  a s  a func t ion  
of d and a ,  

d i s t ance  of p l a n e t  f r o m  observat ion 
P i n t  (AU) I 

phase angle  of p l ane t  (degrees) , 

magnitude of the p l ape t ,  w i t h  d i s t a n c e  
f r o m  t he  sun and t h e  observat ion po in t  
reduced t o  u n i t y  and wi th  a zero-degree 
phase angle ,  

* I n  genera l ,  t h e  word "p lane ts"  as used i n  t h i s  docuixent inc ludes  
t h e  moon. 
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r = d i s t a n c e  of p l a n e t  f r o m  sun ( A U ) ,  

h ( a )  = v a r i a t i o n  i n  magnitude of the p l a n e t  
as a func t ion  of phase angle  ( a l so  c a l l e d  
"phase l a w " ) .  

The value of Am(a) i s  d i f f e r e n t  f o r  each p l ane t .  I n  the case of 
the major p l ane t s ,  it can be measured over only  a l imi t ed  range 
b u t  can be extended by theory  o u t  t o  180 degrees .  

Refer r ing  t o  equat ion (1) , it appears t h a t  wi th  V ( 1 , O )  
and Llm(a) known; the magnitude of a p l a n e t  as seen from any p i n t  
i n  space can be def ined.  However, V ( 1 , O )  i s  s u b j e c t  t o  v a r i a t i o n s  
due t o  such parameters as the r o t a t i o n  of the p l a n e t  and seasonal  
v a r i a t i o n s  i n  su r face  character is t ics .  Sa turn  i s  the m o s t  i n t e r -  
e s t i n g  case, s i n c e  i t s  v a l s e  o f  V ( 1 , O )  v a r i e s  considerably w i t h  
the , inc l ina t ions  of the observa t ion  l i n e  of  s igh t  t o  the plane of 
the r i n g s .  

Table I l i s t s  va lues  of V ( 1 , O )  and the phase l a w s  of 
t h e  p l ane t s .  Again, p l ane t s  beyond Saturn w e r e  n o t  considered, 
s i n c e  they are  very f a i n t  as seen f r o m  a l l  po in t s  c loser  t o  t h e  
sun than Sa turn .  Some of t h e  phase l a w s  are n o t  expressed mathe- 
ma t i ca l ly ;  t hese  are given i n  Table 11. 

b.  -- Calcula t ion  of  I r r ad iance  i n  the V Band 

The r e l a t i o n s h i p  between the V-band magnitude of a 
p l a n e t  and i t s  spectral  i r r a d i a n c e  is  given by t h e  following equat ioc  
from re fe rence  5: 

log f , ( V )  = -0.4V - 8 .42 ,  

where f ( V )  = s p e c t r a l  f l u x  o u t s i d e  atmosp5ere 
0 2 "  A 

near  5500 A (erg/cm - A - s e c ) .  

I t  i s  o f t e n  more convenient t o  express  the i r r a d i a n c e  i n  o t h e r  u n i t s :  

I t  i s  now possi-hle,  us ing  equat ions (I) and ( 2 )  and 
Tables I and 11, to  c a l c u l a t e  t h e  approximate spectral  i r r a d i a n c e  
i n  the  V band f o r  any of t h e  l i s t e d  p l ane t s  as func t ions  of phase 
angle  and d i s t a n c e  f r o n  t h e  observa t ion  po in t .  This i s  u s e f u l  

. information f o r  t w o  reasons.  F i r s t ,  it makes possible the  calcu- 
l a t i o n  of s i g n a l  and s ignal- to-noise  r a t i o  i n  t h e  V band. Second, 
nea r ly  a l l  information on magnitudes i n  t h e  U, 3, R,  and I bands 
i s  s ta ted  i n  t e r m s  of d i f f e r e n c e s  f r o m  V-band magnitudes. I t  
should be no ted  he re  t h a t  equat ions (1) and ( 2 )  apply t o  these  
four  bands as w e l l  as t o  t h e  V band. 

2 0  



0 
r. 
0 
fi 0 
-r M 

M 
VI rf 

N B N  VI  

0 
N 
I--i 

VI 
t3 

VI 

0 

k 
0 

a, 
a, 
Ll 
tn 
a, 

\ H  

ma, 

0 

* 

2; 
L-l E 
3 
oa, 

' a ,  o m  

0 
m 
N 
-r 

N VI 

o b '  
0 

h 

56"' v M 

m 
f i k  
' 0  

N &I 

I rr) - 
- 0  
0 .o 
0 - r  
- r \  
> .2  
- 0  
0 0  
0 3 '  
' N  

M 4- 

2 a 
w 
-4 

.. 
r-l 
4 
rd 
E 
in 

h 
k 
a, 
3 

M 

0 
I 

h 
L! 
2 u 
k 2 

h 

0 VI 
2 0  
> ?  
- 0  os 
M k  
' 0  

N 44 

f r n  
- 0  
0 0  
0 - r  

.h 

$ >  v 

m 
C n Q  
0 .  
' 0  

0 1  

v 

G m o  
-4 -4 

H 
t4 

a, 
4 

2 
E 

a, 
a, 
# 

H 
H 

at 
-r 

E 
a, 
a, 
vl 

2 G O  
0 rdh 
a , i n  
G t n *  
-lJ c in 

. 
0 0 0 0  0 
+ I  + I  +i + i  + I  

2 

h 

4 
l 

a 
N 

d 
I 

ci 
G nj i l  

-rl 3 
i n k  0 : z  
'9 
N 

in 
$4 

-% 
.5; 

21 



co 
? 2 

a a v 

w 
8 PI 

rd 

2 

N In cn 
In M a 
rl N m In 

* I n  
* 

0 

O N  
O C J  

0 0  
* .  

ln 
o c v m  
0 0 0  

0 0 0  
. . .  

Ut 
k 

2 

ln v3 d 
v3 a M 

0 0 r-i 
. 

ln cn d N 
ln m a In 

r-i cv M In 
. . 

M d * m 
v3 CJ 0 N 

rl N m d 

a ' 1  

0 m 0 
rl 

0 0 0 0  
O I m T r m  

0 
a 

0 
f- 

0 co 0 0 0 0  
O r f N M  
d rf r-l r-i 

0 
d 
r i  

0 0  
m v 3  
r i d  

0 
r- 
r-i 

0 
a, 
r-i 



I n  c a l c u l a t i n g  s i g n a l s ,  the main concern of course 
i s  the earth.  F igures  9 and 10 each s h o w  a family of curves  of 
cons t an t  V-band earth magnitudes as func t ions  of phase angle  and 
d i s t a n c e  from observat ion po in t .  These curves a l s o  r ep resen t  
curves  of equal  magnitude i n  t h e  o t h e r  wavelength bands i f  the s a m e  
phase l a w  i s  assumed t o  ho ld  f o r  these bands. They a l so  i n d i c a t e  
l i n e s  of equal  i r r a d i a n c e ,  equal  s i g n a l ,  and equal  s ignal- to-noise  
r a t i o  and are therefore u s e f u l  t oo l s  i n  EAS design. 

c.  Multi-Color P lane tary  Discr iminat ion 
---I --- 
One of t h e  m o s t  obvious means of d i sc r imina t ing  a g a i n s t  

i n t e r f e r i n g  targets  involves  observing these t a r g e t s  a t  more than  one 
wavelength. Color d a t a  on the p lane ts  are commonly given e i ther  as 
magnitude d i f f e r e n c e s  i n  the var ious  wavelength b a n k  (Table 111) or 
as the r a t i o  of r e f l e c t i v i t y  a t  a g iven  band t o  r e f l e c t i v i t y  a t  the 
V band (Table 117). Based on t h e  d a t a  i n  Table I V ,  t h e  following 
equat ion can be used t o  compute i r r a d i a n c e  ra t ios  f o r  a given p l ane t :  

HI* (MI PA (PI) WA (84) 
x -- (3) q-iv- = PA (VI Wh (v) I 

w h e r e  M r ep resen t s  t h e  U ,  b, k, or  I c o l o r  bands, 
v r ep resen t s  t h e  V color  band, 
PA = spectral r e f l e c t i v i t y  of t h e  pl-axet, 
WA = s p e c t r a l  r a d i a n t  emittance of the sun. 

This  r e l a t i o n s h i p  a p p l i e s  when. r e l a t i v e l y  broadband f i l c e r s  a r e  
used (o f  the order  of 0 . 1  q )  . 

H?, (M)/Hh (V) i s  p l o t t e d  as a func t ion  of wave]-engt'n f o r  
t h e  e a r t h ,  t h e  moon, and t h e  p l a n e t s  i n  Figures  11 and 1 2 .  I n t e r -  
mediate va lues  are  approximated by l i n e s  drawn between the p lo t ted  
p o i n t s ,  s i n c e  the observa t ion  bandwidth i s  not  less tlrlan about 
0 .1  p; t h i s  tends t o  be s u b s t a n t i a t e d  by measurements of Mars r e f l e c -  
t i v i t i e s  a t  in te rmedia te  wavelengths. 
Figures  11 and 1 2  proved t o  be very u s e f u l  i n  the selec ' t ion of s p e c i f i c  
opera t ing  wavelengths f o r  color d i sc r imina t ion  ayainsk i n t e r f e r i n g  
targets .  Frorn i n spec t ion  0-f t h e  i r r a d i a n c e  r a t i o s ,  one f a c t  t h a t  
f a c i l i t a t e d  sensor  design is  q u i t e  apparent ,  i . e . ,  t h a t  the e a r t h  i s  
unique i n  being much "b luer"  than other p l a n e t s  o r  t h e  moon. 

A l l  of the da ta  p l o t t e d  i n  

The r e f l e c t i v i t y  measurements of Sa turn  were made a t  a 
t i m e  When the i n c l i n a t i o n  of t h e  r i n g s  f r o m  t3e lir.e of s i g h t  wi?s 
very small ,  and t h e  da t a  were reduced t o  a "no i n c l i n a t i o n "  condi t ion .  
Therefore ,  Table IV and Figure 12  d a t a  r e f e r  to t h e  p l ane ta ry  b a l l ,  
A s  the i n c l i n a t i o n  t o  t h e  r i n g s  inc reases ,  t h e  c o l o r  of t h e  p l a n e t  
as a whole w i l l  be somewhat b l u e r ,  b u t  according t o  R .  H .  Fiardie, who . 
made some of t h e  o r i g i n a l  neasurements, t h i s  e f f e c t  i s  small and i s  
probably wi th in  t h e  accuracy l i m i t s  of t he  or iginal .  measurements .6* 

* Super sc r ip t s  inzticate iteirts i n  re ference  l i s t .  --_II-- -l̂ l_-___- 

2 3  



30” 20’ 10’ 350° 340- 330° 

CURVES O F  CONSTANT V-BAND EARTH MAGNITUDES A S  FUNCTIONS O F  
< ‘  PHASE ANGLE AND DISTANCE FROM OBSERVATION POINT‘ (OUT TO 5 AU) 



” I )‘--. CURVES O F  CONSTANT V-BAND EARTH MAGNITUDES AS FUNCTIONS OF 
’-.‘ PEASE ANGLE AND D I S T A N C E  FROibl 03SERVATION POINT’ !OUT 5’0 10 AU) i 



H 
H 
H 

w 

3i 
-I-, 
-ri 
d 
-ri 

-ri 
k 
d 
3 
9 c 
d 

3.1 c, 
c 

-ri 
rd 
c, 
k 
a, 
V 

2 

cn 
N 

0 

h 
Q 
0 
M 

Lo 
d 
0 

m 
VJ 

0 
. 

d 
rl 

0 

N 
Ln 

0 

In co 
0 

M a 
0 

co 
rl 

0 
t-l 

II 
m a- 
*. 

m u 3  
(UN 

00 
+ I  

II 

? 

* .  

a .. 
i-.. 
0 

0 
+I 

II 

d a 

co 
0 

0 1) 

3 a 

b. 
0 

0 
+I 

n 
3 a 
0 .  

P 
0 

0 
4-1 

I? 
d a 

Q C O m  
d m 0  
0 0 0  

I 

O N 0  
C O r l I n  

o r l o  

0 Q a 3 0 3  co 
Lo d l n d  Lo 

0 0 0 0  0 

c 
0 
0 
E 
w 
0 



TABLE. I V  

PLANETARY REFLECTIVITY RATIOS 

N o t e :  T o l e r a n c e s  are n o t  s t a t e d  for  m o s t  of the Values  b e c a u s e  they 
are n o t  known. 

0 .76  1.00 1.45 1 . 7 8  Mercury t 
I 

Venus 0.60 0 .84  1.00 

E a r t h  t-0.24 
-0 .20  1.00 0.79 2 0 . 0 5  

Moon 0.54 0 .76  1.00 1.38 1.62 

1 .00  1 . 8 6  2 .04  
+0.12* i o .  14* Mars 0.34 -o 0 .52  -o 

J u p i t e r  0.61 

S a t u r n  ( b a l l )  0 .46  

Saturn ( sys  tern) 

0.83 

0.68 

1.00 1.05 0.78 

1 .00  

1-00 

* Mars appears b l u e r  t'r.an usual on s o - c a l l e d  "abnormal  nights. If 
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TABLE V 

BRIGHT STAR MAGNITUDES 

C e l e s t i a l  
S ta r  V 3-V L a t i t u d e *  

(deqrees) 

S i r i u s  

Canopus 

-1.44 -0.01 41 S 

-0 - 72 +O. 16 77 s ' 

R i g i l  Kentawus -0.27 . +0.71 43 s 
A r c  t u r u  s -0.05 +l. 24 32 N 

V e g a  -60.03 0-00 63 N 

Capella +0.09 t0.81 26 N 

R i g e l  . +o. 11 -0- 05 31 S 

Procyon 

B e t e l g e u s e  

Achernar 

H a d a r  

A l t a i r  

Aldeberan 

A c r u x  

A n t a r e s  

Spica 

Po 1 lux  

F o m a l h a u t  

Deneb 

Pairnos a 

t0.36 

+O .40 

+o .49 

+O. 63 

+0.77 

+O. 80 

+0.83 

+O. 94 

to. 97 

+l. 15 

+1.16 

t1.25 

+1.29 

1-0.41 

+1.85 

-0.17 

-0.24 

+o. 22 

+1.55 

-0.26 

+le 83 

-0.23 

+1* 01 

+o. 09 

S O .  08 

-0.25 

16 S 

16-1/2 S 

60 S 

44. s 

28 N 

5 s  

57 s 

4 s  

2 s  

7 N  

21-42 s 
63 N 

53 s 

Regulus +1.34 -0.11 < 1 N  

A d h a r a  +l.48 -0.17 52 S 

C e l e s t i a l  
Longitude" 
(deqrees ) 

105 

240 

201 

293 

79 

75 

115 

88 

350 

302 

69 

207 

246 

208 

113 

335 

320 

2 10 

14 9 

113 

* A p p r o x i m a t e  vaiues  only.  
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d.  Multi-Color S t e l l a r  Discrimination 

I f  an XAS i s  to be used on missions i n  which V-band 
magnitudes of the earth wLll reach -1, possible interference from 
bright  s t a r s  m u s t  be considered. For t h i s  reason, the V--band 
magnitudes of some of the br ighter  s t a r s  (V = (1.5) are  l i s t e d  i n  
Table V, along with values for B-V, c e l e s t i a l  l a t i tude ,  and c e l e s t i a l  
longitude. The s t a r s  t ha t  would require special. a t ten t ion  are  
discus sed below * 

I) Canopus, Procyon, Al ta i r ,  Fomalhaut, and Deneb 
have 3-V color indices within t0.20 of tha t  of the ear th  
(B-V 2 +0.21) ; t h e i r  spec t ra l  properties would Ynus have to  be 
investigated more closely. * 

2 )  Procyon, Betalgeuse, Aldeberan, Antares, Spica, 
Pollux, Fornalhaut, and Regulus l i e  within 25 degrees of the e c l i p t i c  
plane. O f  these s t a r s ,  only Procyon and Fomalhaut have a B-V 
color index close to  t h a t  of the ear th .  I n  general, i f  the EAS i s  
t o  operate i n  the -1 < V < 0 region, the e f f e c t  of several of the 
brighter s t a r s  skould be considered; i f  the EAS i s  t o  operate i n  
the 0 < V < -tl region, the e f f ec t  of a l l  the stars l i s t e d  i n  Tabl-e V 
should be considered. I f  operation i s  required a% V > 41, the number 
of possible in te r fe r ing  s t a r s  becornes much larger and considerable 
sophistication might be required unless the EAS f i e l d  of view could 
Le res t r ic ted  t o  narrow limits about the e c l i p t i c  plane. 

I t  should alPo be pointed o u t  t h a t  s t a r  discrimination 
using color techniques w i l l  require sensing the earth anc? discrimi- 
nating against t a rge ts  both bluer (hot te r )  and redder (cooler) than 
the ear th ,  while planetary discrimination alone requires only t ha t  
the sensor discriminate against  redder ta rge ts .  

2 .  Tkie Ultravoi le t  -- 

Measurements of the appearance of the ear th  a:d other planets 
i n  the u l t r av io l e t  wavelength region have been limited by the strong 
absorption of t h i s  band by the ozone layer of the e a r t h ' s  atmosphere 
a t  an a l t i t u d e  of approximately 80 ,000  f e e t .  The information collected 
du.ring the study is surnmarized below. 
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a .  Earth 

1) Measurements of t he  spec t r a l  radiance of t he  ear th  
were made from an X715 a i r c r a f t  i n  t he  0 .2-  t o  0.28-p wavelength 
.region,'-/ with the  following r e s u l t s  f o r  s ca t t e r ing  angles of 1 0 2  t o  
130 degrees.* 

(X) 

h N 
(U) 

(watt/cm 2 -sr-p) 

0.24 2 -  lo-'-/ 

0 . 2 6  2 . 1  x 

0 . 2 8  1.2 

2 )  

These a r t i c l e s  point  out  t h a t  any u l t r a v i o l e t  re f lec ted  

Theoret ical  p red ic t ions  t h a t  are i n  f a i r  agreement 
have been made of ea r th  radiance i n  the  u l t r a v i o l e t  wavelength 
r e g i o r ~ . ~ f ~  
by the ea r th  i s  pr imari ly  due t o  sca t t e r ing .  The radiance values 
a r e  derived i n  terms of radiance from a u n i t  area on top of the 
e a r t h ' s  atmosphere and a r e  funct ions of zeni th  angle,  s o l a r  inc i -  
dence angle ,  and sca t t e r ing  angle.  The e f f e c t i v e  spec t r a l  radiance 
of the e n t i r e  ea r th  a s  seen from a r e l a t i v e l y  la rge  dis tance has  
not been ca lcu la ted  but  i s  of the same order  of magnitude a s  the 
spec t r a l  radiance a t  t-he nadir  with the s u n  a t  the zeni th .  These 
values vary somewhat, depending on the researcher  and the assumed 
ozone d i s t r i b u t i o n ,  but  they a re  approximately a s  follows: 

A N 
(watt/cm 2 - s r - z L  

0 . 2 0  1.6 to 2 . 0  

0 .22  3 t o  6 x low6 

0.24  1 t o  4 x 

0 .26  1 t o  5 >.: 

0 . 2 3  0.6 to 1 

0 . 3 0  

Spectral  i r rad iance  a t  any r e l a t i v e l y  la rge  dis tance can be computed 
from these values of N by 

where R = plaqetary radiuls and d = distance of p l ane t  from observation 
point .  

* The s c a t t e r i n g  a n g l e i s  the supplement of the angle subtended a t  
the t a r g e t  by the  sun  and Yne observation poin t .  

-_I_- 
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b. Moon 

A compi l a t ion  of t h e  l u n a r  u l t r a v i o l e t  spectrum i s  
p resen ted  by Heddle. lo 
by S t a n  and Johnson and h i s  own exper imenta l  o b s e r v a t i o n s ,  and has 
a r r i v e d  a t  the v a l u e s  shown i n  t h e  second column of  Table V I  f o r  
the s p e c t r a l  i r r a d i a n p e  of  t h e  moon as  r ece ived  on tine earth 's  
s u r f a c e ,  Based on the average d i s t a n c e  from t h e  earth t o  the moon 
and the moon's d i ame te r ,  t h e  e f f e c t i v e  s p e c t r a l  r a d i a n c e  of the 
moon i n  the u l t r a v i o l e t  r e g i o n  h a s  been c a l c u l a t e d  and l i s t e d .  i n  
t h e  t h i r d  column of Table V I .  

Heddle has u t i l i z e d .  r e s u l t s  of  work perfcrmed 

c .  P l a n e t s  

Measurements of  u l t r a v i o l e t  r a d i a t i o n  from Mars and 
J u p i t e r  w e r e  ob ta ined  from a n  Aerobee rockel; a t  140 k i l o m e t e r s  over  
White Sands,New Mexico.ll 
and s i n c e  phase a n g l e s  and d i s t a n c e s  a t  the t ine of measurement w e r e  
known, r e f l e c t i v i t i e s  were c a l c u l a t e d .  These d a t a  are  t a b u l a t e d  
below. 

T h e  i r r a d i a n c e  a t  2700 8 w a s  measured, 

M a r s  J u p i t e r  
0 

Flux  a t  2700 A a t  e a r t h  
0 2 (Ah  = 300 A ) ,  erg/cm -sec-100 2 . 0  :< 1 . 5  k 

2 - 3  Phase Angle, deg 32.4 

R e f l e c t i v i t y  0.24 0.26 

Unce r t a in ty  i n  !~~leasurement, % ) k l 5  -1 5 

Since  t-he u l t r a v i o l e t  s o l a r  i r r a d i a n c e  a t  bo th  of t h e s e  p l a n e t s  can  
be c a l c u l a t e d ,  t h e  approximate i r r a d i a n c e  a t  0.27 l i  from t h e s e  
p l a n e t s  can be c a l c u l a t e d  a s  a f u n c t i o n  of d i s t a n c e  and phase.  

3. The Near-Infrared ( I R )  X g i o n  (1 t o  4 Microns) 

Although numerous s t u d i e s  have been made o f  p l a n e t a r y  r a d i -  
a t i o n  i n  t h e  near-IR r eg ion ,  much o€ t h e  work has  been d i r e c t e d  
toward h i g h - r e s o l u t i o n  s p e c t r o s c o p i c  obse rva t ions  concerned w i t h  
de te rmining  d e t a i l s  of Yne p l a n e t a r y  ak-iosphere or  s u r f a c e .  O f  more 
immediate a p p l i c a b i l i t y  t o  EAS des ign ,  however, i s  r a d i a t i o n  i n  
r e l a t i v e l y  broad o p t i c a l  bands and e s p e c i a l l y  r a h i  os of r a d i a t i o n  
i n  one band t o  t h a t  i n  ano the r .  
s i t i e s  of some of t h e  p l a n e t s  a t ' l  an6 2 L, usi::g broadband f i l t e r s  
and a lead s u l f i d e  d e t e c t o r .  The r a t i o  of i n t e n s i t i e s  a t  t h e s e  
wavelengths should be r e l a t i v e l y  iridependerit of @tase ang le  
and d i s t a n c e  f r o m  t h e  obse rva t ion  -point, The i n t e n s i t y  r a t i o s  w e r e  
a d j u s t e d  so t h a t  t h e  solar r a t i o  i s  1 - 0 0 ;  t h e  r e s u l t i n g  r e f l e c t i v i t y  
r a t i o s  a-re l i s t e d  below. N e a r - T R  d a t a  concerning t h e  e a r t h  should 
be a v a i l a b l e  i n  the nea r  f u t u r e .  

Kuiper2 has measured r e l a t i v e  i n t e n -  
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Wave length 

I-1 __- 
0 

A 

0 .22  2200 

0 . 2 3 :  2300 

0 . 2 4  2400 

0 . 2 5  2500 

0 . 2 6  2 600 

0 . 2 7  2700 

0 . 2 8  2800 

0 . 2 9  2900 

0.30 3000 

0 . 3 1  3 100 

0.32 3200 

0 . 3 3  3300 

TABLE V I  

LUNAR ULTRAVIOLET DATA 

Spectral Irradiance of 
Moon on Earth' s Surface 

(photons/cm -sec-A) 2 0 

4 

5 

5 

6 .8  x 10 

1.1 x 10 

1 . 5  x 10 

5 

5 

6 

6 

6 

6 

6 

7 

2 . 3  x 10 

5 - 5  x 10 

1 . 4  x.10 

1 . 7  x 1 0  

4 . 2  x 10 

6 .1  x 10 

9 . 4  x 10  

1 .3  x 10 

2 . 1  l o 7  

.Effective Spectral 
Radiance of Moon 

(watts/cm --I_L-sr) 2 

9 . 2 2  x 

1 . 5 4  

1.90 

2 . 7 8  

6 .42  

1 . 5 7  

1.86 

4 . 4 2  I . o - ~  

9 . 2 5  

1 .30  

1.94 

6 .17  x 

3 4- 



Plane t  

Mercury* 

Venus 

M a r s  

J u p i t e r  

R e f l e c t i v i t y  
Rat io  - 
3.5 

1.61 

1.00 

Q.21 

I Sa turn (ba l l )  0.47 
i 
I 

S a t u r n ' s  Rings - 0.45 

I n  genera l ,  it does n o t  appear t h a t  t h e  near-IR region can 
compete with t h e  v i s i b l e  region f o r  e i t h e r  a spec t  sensirLg or c o l o r  
d i sc r imina t ion ,  because s o l a r  r a d i a t i o n  i s  down i n  t h e  near-IR 
reg ion ,  and r e f l e c t i v i t i e s  would have t o  be considerably h igher  
than i n  t h e  v i s i b l e  region t o  compensate. A l s o ,  the  normalized 
d e t e c t i v i t y  (D*) of  t h e  lead s i r l f ide  d e t e c t o r  i s  lower than t h a t  
o f  t h e  s i l i c o n  d e t e c t o r s  used i n  the v i s i b l e  r eg ion -**  

I f  a band i n  t h e  near-IR reg ion  a t  2 p or less could be cor re-  
l a t e d  t o  t h e  V band of t h e  v i s i b l e  reg ion  a s  t o  r e l a t i v e  r e f l e c t i v -  
i t i e s ,  i t  might i n  some cases  be a vai-aable c o l o r  d i sc r jmina t ion  
band, bu t  such information i s  apparent ly  n o t  a v a i l a b l e  a t  p resent .  

4. The Emitted-Infrared --- Region (> 4 Microns) 

Figure 13 i s  a p l o t  of s p e c t r a l  i r r a d i a n c e  f r o m  t h e  e a r t h  
and from t h e  moon i n  t he  i n f r a r e d  region beyond 4 i-1 w h e r e  thermal 
emission predominates over r e f l e c t e d  IK. ?'he cond i t ions  a r e  a 
viewing d i s t a n c e  of 1 G 7  n a u t i c a l  m i l e s  ( n -mi . )  and, i n  case of the  
moon, a phase angle  of 90 degrees .  For t h e  e a r t h ,  t h e  emit ted 
r a d i a t i o n  i s  r e l a t i v e l y  independent of phase angle;  f o r  t h e  noon, 
which has  no atmosphere, t h e  emit ted r a d i a t i o n  i s  s t r o n g l y  dependent 
on phase angle .  The lunar-emission phase law is  p l o t t e d  i n  Figure 14. 

* The apparent ly  h igh  value f o r  Mercurk- i s  du.e t o  a r e l a t i v e l y  high 
l e v e l  of emit ted LR a t  2 p.* 

**  See Appendix $1 for  a d e f i n i t i o n  and discznssion of IF. 
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It appears that  e a r t h  a spec t  sens ing  i n  t h e  IR r eg ion  
beyond 4 p would have only l i m i t e d  a p p l i c a t i o n .  A c a l c u l a t i o n  f o r  
a t y p i c a l  system us ing  a, 3-inch-diameter a p e r t u r e  and a thermis tor  
bolometer d e t e c t o r  r e s u l t s  i n  a s igna l - to-noise  r a t io  of less than  
I a t  a range of 1-07 n.mi. 
12.4% of  1 AU, a spec t  sens ing  should be l i m i t e d  t 0 . a  s m a l l  f r a c t i o n  
of m o s t  s o l a r  probe o r  i n t e r p l a n e t a r y  missions.  T h e  range could 
be extended i n  s e v e r a l  ways, a s  discussed b e l o w .  

Since ~O,OOO,OOO n.mi. i s  equal  t o  

a. Increase  the Aperture 

This approach does n o t  appear p r a c t i c a l ,  s i n c e  3 inches 
is probably a l r eady  a t  or i n  excess of a p r a c t i c a l  s i z e .  Also, t h e  
s igna l - to-noise  r a t i o  w i l l  i n c r e a s e  i n  propor t ion  t o  t h e  diameter;  
t hus ,  doubling t h e  a p e r t u r e  diameter w i l l  extend t h e  range by a 
f a c t o r  of only  1.41. 

b. U s e  a Cooled Photodetector 

This approach w i l l  r e q u i r e  a cryogenic coo le r  and would 
r e q u i r e  more p o w e r  and complexity than i s  p r a c t i d a l  f o r  a long- 
du ra t ion  mission.  

c ,  U s e  an Earth-Trackinq System 

The s igna l - to-noise  c a l c u l a t i o n s  mentioned above 
assumed a 300-cps no i se  bandwidth f o r  a sensor ,  on a spinning 
veh ic l e ,  t h a t  could sense  t h e  e a r t h  once every r evo lu t ion .  A 
t r a c k e r  t h a t  cont inuously scans t h e  ea-rth could use  a much narro?rTer 
bandwidth ( r ~  1 cps)  , and thus  t h e  s ignal- to-noise  r a t i o  would impcove 
by a f a c t o r  of 1 7 .  However, cons ide ra t ion  of such a device  appears  
t o  be o u t s i d e  t h e  scope of t h i s  e f f o r t .  

An I R  EAS might, however, be worth cons ider ing  f o r  s p e c i a l -  
i zed  a p p l i c a t i o n  where t h e  requi red  ope ra t ing  range i s  smal l .  The 
advantage of IK over  v i s i b l e  sens ing  i s  t h a t  IR i s  no t  s u s j e c t  t o  
t h e  phase-angle l i m i t a t i o n s  of a r e f  l ec t ed - sun l igh t  sensor .  

5 .  _Comparison of U l t r a v i o l e t ,  Visible, Near-IR, and 
E m i t t e a - I R  - Sensing 

Table V I 1  compares the va r ious  parameters of t h e  four  wave- 
length  reg ions  d iscussed  above. I t  i s  obvious t h a t  t h e  v i s i b l e  
region is by f a r  the best choice of ope ra t ing  wavelengths i n  nea r ly  
a l l  r e s p e c t s .  The p o s s i b i l i t y  of us ing  one band i n  t h e  v i s i b l e  
reg ion  f o r  a s p e c t  sens ing  and another  reg ion  f o r  a i d i n g  i n  c o l o r  
d i sc r imina t ion  h a s  been considered,  b u t  t h i s  approach h a s  some 
s e r i o u s  disadvantages.  F i r s t ,  a d i f f e r e n t  kind of d e t e c t o r  would 
probably be requi red  f o r  each reg ion ,  w h i c h  could in t roduce  s e r i o u s  
d r i f t  problems. Second, d i f f e r e n t  o p t i c a l  m a t e r i a l s  might have t o  
be used f o r  each r eg ion ,  which could complicate the design.  Third,  
measurements o u t s i d e  t h e  v i s i b l e  reg ion  a r e  no t  w e l l  r e l a t e d  t o  the 
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v i s i b l e  region e i the r  by common instruments or  by researchers 
using the same techniques. Thus, there i s  additional uncertainty 
as  t o  the color r a t io s .  For t h i s  reason, it was decided t o  design 
-an EAS t h a t  would operate i n  a wavelength region between 0.3 and 1 p. 

6. Comparison of Discrimination Techniques 

There appear t o  be four parameters t h a t  could serve as a 
means of discriminating against  possible in te r fe r ing  targets :  
brightness, angular s i z e ,  posit ion with respect t o  the vehicle 
spin phase (using solar  references) ,  and color.  A s  was discussed 
e a r l i e r ,  the brightness and angular s i z e  of the ear th  and possible 
in te r fe r ing  ta rge ts  vary widely; these two approaches m u s t  therefore 
be ruled out. 

Spin-phase discrimination would consis t  of blanking the 
EAS output during most of each spin cycle and gating it open 
through a narrow phase-angle range. (Here the term phase angle 
r e fe r s  t o  vehicle spin phase and i s  not t o  be confused with the 
term t h a t  r e fe r s  t o  the angle subtended a t  the tgrge t  by the sun  
and the vehicle.)  The logical  spin-phase zero reference i s  the 
sun,  which of course i s  the most d i s t i n c t  and unambiguous of a l l  
the c e l e s t i a l  targets .  However, the ear th  phase angle changes 
continually with respect t o  the s u n .  I f  the spin-phase technique 
were used, therefore,  a clock together with a programmed phase 
s h i f t e r  t h a t  would be unique for  every mission would be required. 
A fur ther  complexity i s  t h a t  the phase-shifting program i s  a function 
of the launch date and time. This factor  would be par t icu lar ly  
c r i t i c a l  with a mission i n  which aspect sensing might be required 
while the vehicle i s  i n  a parking o r b i t  about the ear th .  

The technique tha t  appeared the most favorable and t h a t  was 
investigated i n  the g rea t e s t  d e t a i l  was color discrimination. 

7.  Decisions Reached as a Result of the Tarqet Radiation Study 

a) Further e f f o r t  on the EkS was r e s t r i c t ed  t o  op t i ca l  
sensing i n  the wavelength region of 0 . 3  t o  1 p. 

b) Further e f f o r t  on the EAS target-discrimination function 
was r e s t r i c t ed  t o  color discrimination, ' 
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C. Detector Investigation 

A s  was noted above, .it was decided, as a r e s u l t  of the t a rge t  
- radiat ion s tudy ,  t o  r e s t r i c t  further EAS design e f f o r t  t o  the 
0.3- t o  1.0-p wavelength region. Fortunately, within t h i s  region, 
the technology of radiant-energy detectors i s  well- advanced and a 
number of highly sens i t ive  detector types a re  available.  Part of 
the detector investigation e f f o r t  consisted of a review of avail-  
able detector data,  followed by a comparative evaluation of various 
detector types wj-th regard t o  the i r  s u i t a b i l i t y  for  use i n  the EAS. 
Photodetectors considered were on'es t ha t  respond well over some 
opt ica l  bandwidth within the chosen 0 . 3 -  t o  1.0-t_~ region and t h a t  
are  available with extended-area photosurfaces (-1 crn2). A b r ie f  
survey of the detector f i e l d  disclosed three types of detectors 
t h a t  merited serious consideration: s i l i con  deteckors ( e i the r  
photovoltaic or biased) , photomultiplier tubes, and cadmium. su l f ide  
o r  cadmium selenide detectors.  I n  addition t o  the usual performance 
parameters, performance under adverse enviromental  conditions was 
considered, par t icu lar ly  the e f f ec t  on these detectors of peri-odic 
pulses of high l i g h t  levels,  
the EAS because the s u n  enters  the f i e l d  of view once during each 
revolution of the vehicle. Sj-rice manufacturers ' data were in su f f i c i en t  
t o  answer t h i s  question, it was necessary t o  devise and conduct a 
special  t e s t  on the representative detector types. 

a condition t h a t  may be encountered i n  

Section C. 1 fo1I.owing presents tbe evaluation of the three *,pes 
of detectors considered. Section C.  2 describes the specli.al t es t ing  
to  which t w o  of the detectors were subjected. 

1. Detector Review and EValUatiz 

a .  Si l icon Detectors - 

Sil icon detectors a re  characterized by high normalized 
de tec t iv i ty  (D*), f a s t  response time, and good s t a b i l i t y  when sub- 
jected to  environmental extremes. *+: These detectors a re  p-n junction 
devices and thus can be considered photodiodes. Some types a re  
designed for operation i n  the photovoltaic or low back-bias voltage 
mode, while others a re  designed for  operation a t  bias levels  of 
several hundred vo l t s .  Although the high-bias type exhibi ts  a. higher 
responsivity than the photovoltaic type, the l/f noise charac ixr i s t ics  
a t  frequencies below 1 kc are  probably excessive. 

Over a limited range, the r e ~ , p n s i v i t y  of the p h o t o v o l t ~ ~ i c  
type of s i l i c o n  detector can be controlled during ma.nufacture. Unfor- 
tunately,  detector noise increases with reslmnsivity, b u t  t o  some 
extent a detector "optimized" for  operation wi-t-h a given preamplifier 
can be specified.  Koise charac te r i s t ics  of a typical  photovoltaic 
detector a re  shown i n  Figure 15. The re la t iv2  spec t ra l  res,ponse of 

__ 
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most types of s i l i con  detectors peaks a t  0.85 micron, w i t h  half-  
power points a t  approximately 0 .5  and 1 .0  micron (see Figure 16). 
Sil icon detectors perform s a t i s f a c t o r i l y  from liquid a i r  temperature 
up t o  approximately 70 o r  80OC.  A t  high l i g h t  levels ,  the number oE 
c a r r i e r s  a re  limited and s ignals  tend to  sa tura te .  Thus, when the 
sun i s  within the f i e l d  of view, the signal w i l l  ce r ta in ly  be satu- 
rated.  However, upon removal of the l i g h t  input, the s ignal  should 
decay exponentially whether it i s  saturated or not. 
given approximately by the following equation: 

'The decay i s  

- t / T  V = V e  
0 J (5 )  

where'V = signal  voltage a$ time t a f t e r  removal of l i g h t  input, 

Vo = peak signal voltage, 

T = time constant of detector (I t o  10 ps for most 
photovoltaic s i l i con  detectors) . 

Silicon detectors a re  very s tab le  against  long-term d r i f t .  M o s t  
performance charac te r i s t ics  w i l l  remain constank t o  within 5% over 
long periods of time. Electro-Nuclear Laboratories has measured 
long-term re l a t ive  d r i f t  i n  responsivit ies for many multiple-array 
detectors and has found no r e l a t ive  d r i f t s  i n  excess of 5%. 

energy proton bombardment. The e f f e c t  i s  very similar t o  tha.t on 
s i l i con  solar  c e l l s .  

Sil icon detectors a re  degraded. t o  some extent by high- 

b. Photomultiplier Tubes 

Photomultiplier tubes are  more sens i t ive  than sol id-s ta te  
detectors and Ynerefore can provide the EAS with a considerably 
greater  operating range. 
mately t w o  orders of magnitude higher than tha t  of the best  s i l i con  
detectors.  Under operating conditions i n  an EAS, t h i s  high photo- 
mult ipl ier  de tec t iv i ty  can be realized because tube noise w i l l  pre- 
dominate over preaxpl i f ier  noise, while i n  the case of s i l i con  detec- 
to rs  preamplifier noise will vsually pred0minat.e. There are  some 
obvious disadvantages, how&ver, t o  the use of photomultipliers. They 
require a well regulated high-voltage power supply ( d 1  t o  2 kv) and 
occupy much more space than a sol id-s ta te  detector.  Rel iab i l i ty  has 
a lso been a problem. 

The D* of a 1P21 photomultiplier i s  approxi-. 

The sFeetra1 response of a photomultiplier depends on the 
photocathode material- and g lass  envelope combination. 
curves for a number of representative tl-pss a re  shown i n  Figure 1 7 .  

Rcspo2se 

The follok7ing general conclusions were drawn about the 
performance of photonultiplier tubes uncler adverse environrnental 
conditions : 
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Note: Reproduced from I T T  Indus t r ia l  Laboratories brochure. 

SPECTRAL-RESPONSE CEFARACTERISTICS O F  
REPRESENTATIVE PHOTOMULTIPLIER TUBES 

FIGURE 1 7  



1) Cathode s e n s i t i v i t y  for  most cathode-type photo- 
mult ipl iers  does not decrease a t  elevated temperatures up t o  7 5 ° C .  
Howecer, there i s  a gain change i n  tubes with photocathodes con- 
ta ining cesium, including anong others ,  many of the types t h a t  might 
commonly be considered for  EAS application, such as 5-4, S-11, and 
S - 2 0 .  This gain change i s  caused by a migration of cesium ions 
from the cathodes t o  the dynodes. The ne t  r e s u l t  i s  an e f fec t ive  
s e n s i t i v i t y  change cav.sed by the high temperatures. 

2 )  The dark current for  most cathode-type photo- 
mult ipl iers  approximately doubles for  every 1 0 ° C  r i s e  i n  ambient 
temperature a I n  m o s t  high-quality tubes, thermionic emission i s  the 
predominant dark-noise source: i n  these tubes, the dark noise a s  a 
function of ambjlent -temperature can be predicted i n  a given electronic  
bandwidth since it  i s  proportional t o  the square root  of the dark 
current.  

3 )  The maximum ambient temperatute most tubes can 
withstand (with bias  on) before permaaent damage occurs i s  approxi- 
mately 7 5 ° C .  Some tubes, however, a re  rated for 1 5 0 ° C .  

4 )  Most manufacturers claim t h a t  t h e i r  tubes can 
safely withstand vibration and’ shock levels  well above those of 
typical  launch levels.  

With regard t o  the e f f e c t  on photomultiplier tubes of 
high l i g h t  levels ( a  problem of par t icu lar  concern i n  the EAS design) ,  
it was found tha t  a de f in i t e  tube fatigue occurs a t  high l i g h t  levels .  
This i s  a dynode e f f e c t  caused by high currents.  Some s o r t  of pro- 
tec t ive  technique would therefore be required i n  the EAS. One approack- 
would be to  shut ter  the opt ics  periodically as the s u n  entered the 
f i e l d  of view, an undesirable complication i n  a long-life space device. 
An a l te rna t ive  approach would be to  switch the supply voltage off 
during the sun-ex-posure in te rva ls ,  o r  t o  l i m i t  the anode current by 
biasing off the f i r s t  two o r  three dynodes when the sun i s  i n  the 
f i e l d  of view. This coilld be done by using a small Sui2 sensor with a 
f i e l d  of view coincident with and larger than tha t  of the EAS. The . 
s u n  sensor output could be used t o  reduce the photomultiplier dynode 
voltages. However, even if the tube were biased off during periods of 
high l i g h t  i n p u t ,  the dark noise of the tube would s t i l l  increase as 
the r e s u l t  of d i r e c t  incidence of l i g h t  on the f i r s t  or  second dynode, 
causing cathode fat igue.  Since manufacturers could supply no infor- 
mation on t h i s  e f f ec t ,  a photomultiplier tube was purchased and sub- 
jected t o  special  t e s t s  (see Section c . 2 ) .  

Because of funding l imitat ions,  the most l ike ly  s ingle  
candidate from among the various tubes available was selected for  
tes t ing ,  an EXR 541D-05-14. The photocathode i s  a sodium-ptassium 
bi -a lka l i  thak contains no cesiurn. I t  has extremely  OW dark noise, 
and even though “Lhe dark current (which i s  proportional t o  the square 
of the dark noise) t r i p l e s  for every 1 0 ° C  tempsrature r i s e ,  it i s  
s t i l l  lower than t h a t  of most other tubes a t  elevated.,temperatures. 
The spectral  reslmnse peaks a t  between 3000 and 0,000 A and i s  sim.ilar 
t o  the S-11 r e s y n s e .  Complete manufacturer’s specif icat ions are 
given i n  Appendix B. 
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e .  Cadmium Sulfide and Cad.mium Selenide Type Detectors 

Detectors of t h i s  c l a s s  exhibi t  slow time constants, of 
the order of seconds. However, they are  characterized by extremely 
high r e s p n s i v i t y .  I n  addition, cadmium sul f ide  c e l l s  have been 
made which have D* values r ival ing those of photomultiplier tubes 
when tested a t  chopping speeds of 90 cps. These detectors a re  photo- 
conductive and must  be biased. 

Since most manufacturers do not make t h i s  type of detector  
expressly for  low- l ight-level applications, information on performance 
a t  these levels '  was not eas i ly  obtained. However, several  comments 
on charac te r i s t ics  having a bearing on t h e i r  s u i t a b i l i t y  for  EAS use 
can be made: 

1) The operating ambient-temperature range is usually 
0 t o  55"C, although special  u n i t s  t h a t  can operate a t  up t o  85OC have 
been made. 

2 )  The maximum temperature the detectors can with- 
stand without permanent damage' i s  about 85OC. 

3 )  Long-term d r i f t  of performance charac te r i s t ics  
i s  a t  l e a s t  an order of magnitude worse than with s i l i con  detectors.  
I n  general, cadmium sul f ide  detectors o r  detectors with a prepon- 
derance of cadmium sulf ide are  more unstable than cadmium selenide 
detectors.  

. 4) The dark resis tance of t h i s  type of detector i s  
extremely high (of the order of hundreds of megohms), making pre- 
amplifier design d i f f i c u l t .  

5 )  Recovery from a high l i g h t  level,  such as solar  
f lux,  requires a long time (probably of the order of minutes). How- 
ever, cer ta in  types might respond well t o  a low-level s ignal ,  even 
while recovering from a high-level s ignal .  

I t  was decided t h a t  detectors of the cadmium sul f ide  and 
cadmium selenide type compared unfavorably with s i l i c o n  detectors 
and photomultiplier tubes with respect t o  t h e i r  s u i t a b i l i t y  for use 
in the EAS. Hence, no fur ther  consideration was given t o  cadmium 
sulfide-selenide detectors,  and no tes t ing  was performed. 

Some of the more s igni f icant  properties of the various detector 
. t y p e s  considered are  l i s t e d  i n  Table V I I I .  
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2 .  Detector Tests 

a .  Equipment 

A s  mentioned previously, the primary purpose of the 
detector t e s t s  was t o  i-nvestigate the behavior of detectors when 
subjected t o  periodic pulses o f  sunlight.  More spec i f ica l ly ,  i t  was 
desired to  determine the a b i l i t y  of the detectors t o  de tec t  a periodic 
low-level l i g h t  input, such as might be received from the ear th ,  i n  
the presaice of the pezio5i.c solar  pulse. 0 2  conce:cr, were detector 
recovery time from t h i s  so la r  pulse, the e f f e c t  o f  the  solax p u l s c  
on detector noise leve l ,  and, i n  the case of photomultipliers, 
cathode fat igue.  

The equipnent used t.o conduct the tests is  shown i n  t h e  
photograph and schematic of Figures 18 and 19. The detectors were 
mounted i n  the box, which i s  l i g h t  t i g h t  except for the two a p r t u r e s  
closely adjacent t o  the chopper wheel. The chopper wheel provides 3 
meam of varying the phases of the solar  and ear th pulses r e l a t ive  
t o  each other during the spin cycle. Near the periphery of  the c h o p ~ e r  
wheel i s  J. large opening that a d m i t s  sunlight for  about 25  degrees of 
spin phase. Inboard of t h i s  1 c g e  opening are  e ight  smaller openings 
or  s l i t s  t h a t  admit low-level. l i g h t  from a- light- bulb Lo simulate the 
ear th  s ignal .  I n  pract ice ,  a l l  but one of these inboard slit-s were 
masked o f f ,  making possible the select ion of m y  one of eig?:t phas- 
i l iys  o f  ear th pulse xel6.tivs :.o sm:.ar p2se .  D ~ n c  w h e c b  can b? 
rotated a t  any specd w i t h i n  the anticipated range o f  prohc spi.rl 
r a t e s  ( 0 . 5  t o  2 rps) H pickoff on the  Chopper-Piheel sha f t  ~ ~ 1 ” i . ~ ~ d  
to pcr iodi .~~ .Z ly bias  off  the pho t.o.;!uItipLi.er dli.-ci:ig the s o l . ~ r  ;XI l ~ c  
A preanpl i f ier  for the s i l i con  photovoltaic detector and a hi5h--  
voltage power supply fo r  the photomultiplier tube were designed and 
hui lt. Standard laboratory electronic  instruments completed the 
test equipment. 

b. Detectors Tested I” 

The following d:-cectors were tested: 

a) 541D-05-14 pho~omult’Lp1ier tube with 
a b i -a lka l i  cathode, manufactured by 
Electre-Mechanical Research, Inc. 

b) 601-10 s i l i con  photovoltaic detector,  
1r;anu. fa c t.i~ r ET? hy E 1 ec t r o- Nu. c 1 ear 
Laboratories, Inc. 

I t  w a s  also intenrled. 50 t e s t  a s i l i con  detector designec? 
t o  operate as a. biased d.iode, but the vendor was unable to  deliver 
t h i s  i t ex .  A ca.d.r?.ium su l f ide  detector and a cadmium selenide cietsc tor 
were also purchased, but thei L- time constants u p n  exposure t o  5igh 
l i g h t  levels  proved s o  long as t o  coxipletciy e l i m i n a t e  theiil frcx 
COXI s i d  c I a. I; i oi? . 
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c.  Photomu.Itiplier Tube Test Results 

During the tes t ing ,  the tube was protected from the high 
l i g h t  levels  by switching off  the high voltage during s u n  exposure 
by means of a high-voltage reed switch actuated by a cam attached 
t o  the chopper wheel. Figure 2 0  shows the photomultiplier output 
for  one complete cycle of the chopper wheel (corresponding to  one 
complete vehicle revolut ion) .  The in tens i ty  of the l i g h t  bulb 
used to  simulate the ear th  pulse was adjusted t o  produce a signal 
corresponding to  tha t  produced by a f u l l y  illuminated ear th  a t  a 
distance of 4 AU. A s  can be seen on Figure 20,  the t rans ien ts  
produced by switching the high-voltage supply off and on are  ra ther  
severe. I f  t h i s  technique were used for  a f l i g h t  instrument, these 
t rans ien ts  would prevent the system from operating for approximately 
20 m s  a f t e r  the sun  leaves the f i e l d  of view, corresponding t o  
7 degrees and 2 9  degrees for vehicle spin r a t e s  of 1 rps and 4 rps, 
respectively.  I t  should be pointed out here tha t  d i r e c t  switching 
of the high voltage is  also undesirable from a power standpoint, 
since several hundred mill iwatts are  required to  operate the high- 
voltage reed switch. 

A s  shown i n  Figure 2 0 ,  the peak-to-peak noise riding on 
the ear th  pulse i s  2 mV. This i s  a factor  of two higher than the 
noise level of the  tube when not periodica-lly exposed t o  the sun .  

I n  the EAS, the t rans ien t  interference caused by switching 
the voltage off and on could probably be reduced by switching the 
low-level supply voltage i n  the primary of the dc-to-dc Converter 
off and Oi l .  I f  t h i s  i s  done, however, the converter frequency mast be 
50 t o  100 kc t o  prevent the f i l t e r  time constant from being prohibi- 
t i ve ly  long. (With a converter frequ.ency of 2 kc, the f i l t e r  t i m . 3  
constant causes an angular dead zone on e i the r  s ide  of the sun  
which i s  three t o  four times t h a t  produced by the high-voltage t u r n -  
on t rans ien t .  ) 

An a l te rna t ive  approach would be to  reverse-bias the 
cathode and the f i r s t  dynode of the photomultiplier during periods 
of sunlight exposure instead of switching of f  th2 e n t i r e  power supply. 
This technique has been investigated by workers a t  Electro-Mechanica 1 
Research, Inc.I4 Unfortunately, the tube used for  the detector t e s t s  
a t  Quantic (procured befor& r e f .  14 was received and reviewed) has 
the voltage-divider dynode r e s i s t o r s  potted in tegra l ly  with the tube; 
it was therefore impossible t o  invest igatc  the cathode biasing 
technique with t h i s  par t icu lar  u n i t .  

To de f in i t e ly  es tab l i sh  whether e i ther  of the protective 
techniques noted above i s  acceptable, extensive photormltiplier 
l i f e  tes t ing  would have to  be conducted. Even thou.gh the short- 
term t rans ien t  e f f ec t s  might be acceptable, peri0di.c exposure to  
the s u n  over a long period of time might degrade the performance of 
the tube to  an unacceptable level .  
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Considerably m o r e  t e s t i n g  would be r e q u i r e d  t o  d e f i n i t e l y  
establish the s u i t a b i l i t y  of a p h o t o m u l t i p l i e r  t ube  for the EAS 
a p p l i c a t i o n .  P re l imina ry  tests i n d i c a t e ,  however, t h a t  it could 
be used,  although t h e  long recovery  t i m e  from the solar  p u l s e  would 
l i m i t  i t s  performance. 

d .  S i l i c o n  Pho tovo l t a i c  Detector T e s t  R e s u l t s  

F igu re  2 1  s h o w s  the p h o t o v o l t a i c  d iode  o u t p u t  du r ing  
exposure t o  s u n l i g h t  (0  t o  30 m s ) -  and j u s t  a f te r  exposure t o  sun- 
l i g h t  (30 t o  35 m s ) .  T h e  method of t e s t i n g  w a s  b a s i c a l l y  t h e  s a m e  
as f o r  the p h o t o m u l t i p l i e r  t ube  i n  t h a t  t h e  same tes t  s e t u p  and sun 
exposure ra tes  w e r e  used .  

A s  can  be seen  i n  F igu re  2 1 ,  there is  a n o t i c e a b l e  ou t -  
p u t  from the d e t e c t o r  a f t e r  t h e  sun has passed  from the f i e l d  of 
v i e w .  T h i s  o u t p u t  i s  i n  the form of an  exponen t i a l  decay w i t h  a 
maximum v a l u e  of 2 0 . 4  mV and a t i m e  c o n s t a n t  of approximate ly  1 m s .  
A careful .  check of the i n s t r u m e n t a t i o n  proved t h e  e f f e c t  t o  be a 
character is t ic  of the dev ice  rather t h a n  an  el .ec . t r ica1 e f f e c t  caused 
by the i n s t r u m e n t a t i o n .  T h e  e f f e c t  of t h i s  exponen t i a l  decay fol low- 
i n g  the s o l a r  p u l s e  on o p e r a t i n g  range of the EAS depends on the 
opt ica l  and s igna l -p rocess ing  concepts  used. T h i s  e f f e c t  i s  d i s -  
cussed  f u r t h e r  i n  connec t ion  w i t h  s igna l - to -no i se  c a l c u l a t i o n s  and 
opera t ing- range  p r e d i c t i o n s  ( r e f .  S e c t i o n  1 V . B ) .  
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PRECEDING PAG . 
I V .  EAS SYSTEM AND HARDWAKE CONCEPTS 

A .  O p t i c a l  Concepts 

A v a r i e t y  of o p t i c a l  concepts  w e r e  gene ra t ed  f o r  p r e s e n t i n g  
" e a r t h  look angle" in fo rma t ion  t o  t h e  d e t e c t o r s  and t o  t h e  elec- 
t r o n i c s  f o r  s i g n a l  p rocess ing .  I n  t h r e e  of t h e s e  concep t s ,  t h e  
look ang le  is  determined by sens ing  t h e  e a r t h  d i r e c t l y ,  w i t h  one 
u s i n g  t h e  width of t h e  e a r t h  p u l s e  and t h e  second us ing  t h e  ampli- 
tude  of t h e  p u l s e .  The t h i r d  is a d i r e c t  d i g i t a l  system. A f o u r t h  
concept  based on s t a r  sens ing  is also desc r ibed ,  Each concept  is  
d i scussed  b e l o w ,  fol lowed by t h e  e v a l u a t i o n  t h a t  formed t h e  basis  
f o r  s e l e c t i o n  of t h e  concept'  t o  be designed.  

1. Pulse-Width Concept 

The pulse-width concept  can  best he understood by r e f e r r i n g  
t o  t h e  o p t i c a l  schematic  o f  F igu re  2 2 .  Incoming r a d i a t i o n  is  imaged 
by t h e  o b j e c t i v e  l e n s  on a re t ic le  a t  t h e  f o c a l  p l a n e ,  t h e  r e t i c l e  
d e f i n i n g  t h e  f i e l d  o f  view (FOV) by i t s  p a t t e r n  a s  i n d i c a t e d .  Th i s  
concept ,  w i t h  a m i r i o r  v a r i a t i o n  ir, t h e  r e t i c l e  c o n f i g u r a t i o n  ( r e f .  
F i g u r e  2 2 ) ,  i s  compatible w i t h  b o t h  of t h e  s igna l -p rocess ing  
approaches cons idered  ( cohe ren t  and non-coherent) . Signal -process ing  
techniques  are d i scussed  i n  S e c t i o n  I V .  B .  

The d i r e c t i o n  of t a r g e t  motion a c r o s s  t h e  FOV is  from l e f t  
to r i g h t .  The o b j e c t i v e  l e n s  is imaged on t h e  d e t e c t o r  by a con- 
densing l e n s  l o c a t e d  immediately behind the re t ic le .  Each d e t e c t o r  
has  t w o  s emi -c i r cu la r  s e n s i t i v e  a r e a s ,  immediately on t o p  of which a r e  
p laced  semi -c i r cu la r  f i l t e r s .  These f i l t e r s  a r e  des igna ted  as "b lue"  
and " r e d "  and are p laced  on  d e t e c t o r  ha lves  D1 and D2 r e s p e c t i v e l y .  
S ince  t h e  r a d i a t i o n  i n c i d e n t  on t h i s  d e t e c t o r - f i l t e r  a r r a y  i s  cox- 
p l c t e l y  defocused wi th  r e s p e c t  t o  t h e  system FOV, t h e  s p e c t r a l  irra- 
d iance  i n c i d e n t  a t  t h e  p l ane  of t h e  f i l t e r s  a t  any i n s t a n t  is  c o n s t a n t  
over  t h i s  p l ane .  The s p e c t r a l  i r r a d i a n c e  s t r i k i n g  t h e  d e t e c t o r  s u r -  
f a c e ,  however, w i l l  be d i f f e r e n t  f o r  D1 and D2 because t h e  5 i I . t e r  
c h a r a c t e r i s t i c s  a r e  d i f f e r e n t .  Remeder ing  t h a t  t h e  e a r t h  is "bl-i-ier:' 
than  t h e  moon o r  t h e  o t h e r  p l a n e t s ,  a36 assuming identLca1 d e t e c t o r s ,  
f i l t e r s  can be s e l e c t e d  having s p e c t r a l  bandpasses such t h a t  t h e  
d i f f e r e n c e  i n  d e t e c t o r  o u t p u t s  w i l l  always be p o s i t i v e  for t h e  
e a r t h  and nega t ive  f o r  t h e  moon or t h e  o-lher p l a n e t s .  Thus a means 
of t a r g e t  d i s c r i m i n a t i o n  by c o l o r  i s  provided.  I n  t h e  cohe ren t  
s igna l -p rocess ing  system, a s i n g l e  p w i t i v e  p u l s e  appears  when t h e  
earth image sweeps across t h e  FOV. Tile width of t h i s  p u l s e  is a 
f u n c t i o n  of t h e  h e i g h t  of t h e  ea r th  ixage a s  i-t sweeps across the 
t r a p e z o i d a l  r e t i c l e  and is  t h e r e f o r e  a measure of t h e  e a r t h  look 
angle .  How t h i s  pillse is processed  by t h e  sys t em e l e c t r o n i c s  is  
desc r ibed  i n  d e t a i l  i n  S e c t i o n  V. 
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I n  t h e  non-coherent s i g n a l - p r o c e s s i n g  system, t h e  t w o  
d e t e c t o r  o u t p u t s  are f e d  t o  t h e  two i n p u t s  of  a d i f f e r e n t i a l  pre- 
a m p l i f i e r .  A s  t h e  t a r g e t  image s w e e p s  a c r o s s  t h e  s p l i t - r e c t a n g l e  
FOV, t h e  p r e a m p l i f i e r  o u t p u t  w i l l  appear  as ske tched  b e l o w .  

The r e l a t i v e  width of t h e  two p u l s e s  is  a measure of a s p e c t  a n g l e ,  
w i t h  equa l  p u l s e  wid ths  i n d i c a t i n g  a n u l l .  The s p l i t - r e c t a n g l e  
c o n f i g u r a t i o n  i s  b u t  one of  a v a r i e t y  of  shapes t h a t  can supply  
comparative pulse-width informat ion  t o  t h e  non-coherent s i g n a l -  
p rocess ing  e l e c t r o n i c s .  

The pulse-width o p t i c a l  concept  desc r ibed  above evolved 
from a number of s i m i l a r  concepts  gene ra t ed  i n  t h e  e a r l y  p a r t  of 
t h e  program. These concepts  a r e  desc r ibed  and e v a l u a t e d  i n  
Appendix c. 

2 .  -..---. Pul se -Amp1i tud . e  --- C o n c y t  + 

Another o p t i c a l  concept  cons idered  weuld obta-i.n look-angle 
informa-tion by comparing t h e  r e l a t i v e  ampli tude o f  the p u l s e s  r a t h e r  
t han  t h e i r  wid th .  I t  would probab1.y be compatible  on ly  wi th  a non-. 
cohe ren t  kype of s i g n a l  p rocess ing .  

For  purposes  of  i l l u s t r a t i o n ,  a two-channel v e r s i o n  is  
desc r ibed  (see F igure  2 3 ) ,  a l though w i t h  some a d d i t i o n a l  complexi ty ,  
a one-channel approach i s  feasiSle  ~ 

I n  channel  1, which senses  t h e  a s p e c t  angl.e, t w o  n e u t r a l -  
d e n s i t y  f i l t e rs  whose t r ansmiss ion  v a l u e s  v a r y  a s  a f u n c t i o n  of  
l i n e a r  p o s i t i o n  are p l aced  a t  t h e  focal p l a n e  of t h e  o b j e c t i v e  i e n s .  
One f i l t e r  is p laced  s o  kha t  i t s  t r ansmiss ion  v e r s u s  s p o t  p o s i t i o n  
v a r i e s  i n  t h e  oppos i t e  s e n s e  as  t h e  o t h e r  f i l - t e r .  The condensing 
l e n s  s e r v e s  t o  condense r a d i a t i o n  pass ing  through t h e  f i l t e r  on to  
t h e  d e t e c t o r  and a l s o  t o  inage t h e  o b j e c t i v e  l e n s  on t h e  d e t e c t o r .  
A s  t h e  t a r g e t  j.m?ge sweeps across the F O V ,  two s e q u e n t i a l  p u l s e s  are 
generated., and it can ke s e e n  t h a t  t h e  r e l a t i v e  ampli tude of t h e  two 

. pulses i s  a f u n c t i o n  of a r p e c t  ang le .  

The arrangement i n  t h e  c o l o r  channel  (channel  2 )  i s  a lmost  
i d - e n t i c a l ,  w i th  two c o l o r  f i l t e r s  (acjain "Glue"' an2 " r e d " )  r e p l a c i n g  
the  n e u t r a l - d e n s i t y  f i l t e r s .  I n  t h i s  channe l ,  t h e  r e l a t i v e  p u l s e  
a n p l i t u d e  i s  a f u n c t i o n  of t a r g e t  c o l o r .  
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be ve ry  

The system can  be combined i n t o  one channel  by us ing  f o u r  
i n  t h e  f o c a l  p l a n e ,  two c o l o r  and two v a r i a b l e - t r a n s m i s s i o n  
d e n s i t y .  However, s i n c e  t h e  f i l t e r s  must  be s e p a r a t e d  t o  
image o v e r l a p  a t  close d i s t a n c e s  from t h e  t a rge t ,  t h e  
ang le  of s e p a r a t i o n  between t h e  t a r g e t  and i n t e r f e r i n g  
i s  inc reased .  

D i r e c t - D i g i t a l  Concept -I 

An o p t i c a l  system based on t h e  d i r e c t - d i g i t a l  concept  would 
s i m i l a r  t o  t h a t  used on some d i q i t a l  sun s e n s o r s .  A series 

o f  t r a c k s  c a r r y i n g  a coded mask i s  p l aced  i n  t h e  f o c a l  p l a n e .  
t h e  t a r g e t  image p a s s e s  over  t h e  masks, t h e  presence  o r  absence of 
a p u l s e  from each t r a c k  forms a d i g i t a l  word t h a t  i n d i c a t e s  t h e  
v e r t i c a l  p o s i t i o n  a t  which t h e  image c rossed  t h e  mask. 

A s  

This  type  of system works well when t h e  v e h i c l e  i s  f a r  enough 
from t h e  e a r t h  t h a t  t h e  e a r t h  appears  as  a p o i n t  sou rce .  
when t h e  v e h i c l e  i s  c l o s e  and t h e  e a r t h  subtends a s i g n i f i c a n t  
a n g l e ,  t h e  o u t p u t  of t h e  senso r  becomes ambiguous. The ambigui ty  
c a n  be r e so lved  by ‘adding a d d i t i o n a l  t r a c k s  t o  t h e  b a s i c  mask, b u t  
t h e  number of t r a c k s  r e q u i r e d  i n c r e a s e s  r a p i d l y  a s  t h e  s i z e  of t h e  
e a r t h  t o  be sensed i n c r e a s e s .  F igu re  24a i s  an example of a p o r t i o n  
of such a mask t h a t  would provide  unaqbiyuous’ o u t p u t s  w i th  1-degree 
r e s o l u t i o n  f o r  e a r t h  d iameters  up t o  2 degrees .  More t r a c k s  would 
f u r t h e r  extend t h e  range of e a r t h  d iameters  t h a t  could be a c c ~ ~ ~ m o d ~ i i e d .  

However, 

Another example of a coding mask t h a t  can be used i n  a 
d i r e c t - d i g i t a l  o p t i c a l  sirstern is  shown i n  F igu re  2 P b .  I n  t h i s  
concept ,  t h e  mask i s  ar ranged  so t h a t  a t a r g e t  image c r o s s i q  t? iz  
mask from l e f t  t o  r i g h t  w i l l  c r o s s  a vary ing  number of b a r s  depend.ing 
on t h e  v e r t i c a l  l o c a t i o n  o f  t h e  image on t h e  f o c a l  p l ane .  The  
number of b a r s  c ros sed  determines t h e  number of p u l s e s  produced. 
This  pulse-count ing system has t h e  d isadvantage  of be ing  unable  t o  
o p e r a t e  p r o p e r l y  f o r  1-arge-diameter t a r g e t s .  C e r t a i n  s p e c i a l  s i z e s  
of t h e  e a r t h  w i l l  produce a s i g n a l  from t h e  t r a i l i n g  edge t h 2 t  w i l l  
cance l  t h e  s i g n a l  f r o m  t h e  l ead ing  edge; t h e  r e s u l k  is  no s i g n a l  a t  
a.11. 

4. S t a r  Sensor f o r  I n d i r e c t  Ear th  Aspect S e n s i n 2  

The b a s i c  f u n c t i o n  of t h e  e a r t h  a s p e c t  s enso r  is  t o  provide  

- 

a measurement of t h e  angle between t h e  v e h i c l e  s p i n  a x i s  and t h e  
ec l ip t ic  p l a n e .  This  ang le  is  i n d i r e c t l y  sensed when t h e  e a r t h  
look a n g l e  is  sensed ,  assuming t h a t  t h e  v e h i c l e  is i n  t h e  e c l i p t i c  
p l ane .  However, it i s  p o s s i b l e  t o  sense  t h e  angle between the 
v e h i c l e  s p i n  a x i s  and. t h e  e c l i p t i c  p1ar.e by mcasvririg s t a r  a n g l e s  
r a t h e r  than  e a r t h  ang le s .  A ifiethoi! o f  s ens ing  s t a r  ang le s  was 
s t u d i e d  b r i e f l y  &i r ing  t h e  EAS program. This  niethod senses t h e  
s t a r  Canopus and measures t h e  angle  between t h e  v e h i c l e  s p i n  a x i s  
and t h e  sou th  z c l . i p t i c  pole .  
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The p r i n c i p l e  of ope ra t ion  can best  be understood by 
r e f e r r i n g  t o  t h e  o p t i c a l  and re t ic le  schematics of Figures  2 5  
and 2 6 ,  which i l l u s t r a t e  t h e  Canopus t r ack ing  p o r t i o n  of t h e  
device.  A s  i nd ica t ed ,  t he  o p t i c a l  l i n e  of s i g h t  i s  p a r a l l e l  t o  
t h e  veh ic l e  s p i n  a x i s .  When the  veh ic l e  i s  p rope r ly  o r i e n t e d ,  
t h i s  te lescope  w i l l  s i g h t  i n  the  d i r e c t i o n  of t h e  south pole  of 
t h e  e c l i p t i c ,  wi th  t h e  s t a r  Canopus approximately 14  degrees o f f  
a x i s .  The r e t i c l e  a t  t h e  foca l  plane of t he  o b j e c t i v e  c o n s i s t s  
of a coded t r a n s m i t t i n g  annular  r i n g  a s  i nd ica t ed  i n  Figure 2 6 .  
A s  t h e  veh ic l e  s p i n s ,  r a d i a t i o n  from the  Canopus image is modu- 
l a t e d ,  as it passes  through t o  t h e  condensing l e n s ,  by t h e  p a t -  
t e r n  of t h e  re t ic le .  The co-ndensing l e n s  images t h e  o b j e c t i v e  
l e n s  on the  su r face  of t h e  d e t e c t o r .  The r e t i c l e  encoding would 
be such  t h a t  information would be p re sen t  i n  t h e  s i g n a l  on image 
phase about t he  s p i n  a x i s  wi th  r e spec t  t o  a veh ic l e  r e fe rence  
(pulse-width modulat ion) ,  a s  w e l l  a s  on r a d i a l  p o s i t i o n  of t h e  
image with r e spec t  t o  t h e  s p i n  a x i s  (duty c y c l e ) .  Various re t ic le  
p a t t e r n s  could be used. 

Since Canopus i s  a b r i g h t  s t a r  ( V  = - 0 . 7 2 ) ,  a reasonable 
apertu.re combined w i t h  a h igh -de tec t iv i ty  s i l i c o n  photovol ta ic  
d e t e c t o r  should provide a s a t i s f a c t o r y  s ignal- to-noise  r a t i o .  
Sensor outputs  could be used t o  maintain the  veh ic l e  s p i n  a x i s  a t  
14 degrees from Canopus. One of t h e  more a t t . r a c t i v e  f e a t u r e s  c>f 
t h i s  device i s  t h a t  only a m i n i m u m  of s u n  s h i e l d i n g  w i l l  be re- 
qu i r ed  s ince  Canopus w i l l  always be a t  l e a s t  7 5  deyrces away from 
t h e  s u n .  A b r i e f  discEssion of sun  s b i e l d i n i  is presented  i n  
Appendix G .  

Followi.ng i s  a b r i e f  d e s c r i p t i o n  of t h e  or ien taZio2  of a 
s p i n - s t a b i l i z e d  veh ic l e  i n  an e c l i p t i c - p l a n e  ( o r  n e a r - e c l i p t i c -  
plane)  mission and conta in ing  a s u n  sensor ,  a!i e a r t h  a spec t  sezso'r, 
and a Canopus sensor .  F i r s t ,  t h e  sun  sensor w i l l  provide inforya-  
t i o n  t o  o r i e n t  t h e  veh ic l e  sp in  a x i s  perpendicular  t o  the  vehic le -  
s u n  l i n e .  Second, the veh ic l e  w i l l  be caused t o  r o l l  slowly a'coGt 
the  vehicle-sun l i n e  while s t i l l  maint.aining sp in  about t h e  ';lominal 
s p i n  a x i s .  A s  t h e  s p i n  a x i s  becomes normal t o  t h e  e c l i p t i c  p l a i e ,  
the e a r t h  a spec t  sensor  w i l l  pick up t h e  e a r t h  and t h e  veh ic l e  w i l l  
be dr iven  t o  n u l l .  A t  t h i s  p o i n t ,  the  Canopus sensor  should a l s o  
be nul led .  I f  n o t ,  t h e  r o l l  about t h e  vehicle-sun l i n e  can be 
o s c i l l a t e d  p l u s  o r  minus s e v e r a l  degrees u n t i l  t h e  Canopus sensor  
i s  nul led .  With t h e  veh ic l e  o r i en ted  t o  n u l l  on t h e  Canopus senso r ,  
t h e  vehic le  can be maintained perpendicular  t o  t h e  e c l i p t i c  plane 
r ega rd le s s  of  i t s  p o s i t i o n  i n  t h e  s o l a r  system. This type of a spec t  
sensor  w i l l  not be l i m i t e d  by ph'ase afig1.e o r  d i s t ance  p r o b l e m ,  a s  
is  t h e  case with devices  t h a t  serise the  p l a n e t s .  However, i f  
o r i e n t a t i o n  i s  lost? a c q u i s i t i o n  of Canopus with only a sui? seLsor 
and t h e  Canopus sensor  i s  d i f f i c u l t  f o r  two reasorls, as discussed 
below. 

€ 3  
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F i r s t ,  t h e r e  are t w o  o r i e n t a t i o n s  i n  which t h e  v e h i c l e  s p i n  
a x i s  i s  p e r p e n d i c u l a r  t o  t h e  s u n  l i n e  and t h e  Canopus senso r  i s  
n u l l e d  on Canopus. I n  o n l y  one o f  t h e s e  o r i e n t a t i o n s  i s  t h e  s p i n  
axis  p o i n t e d  a t  t h e  sou th  e c l i p t i c  po le .  T h i s  d i f f i c u l t y  can  be 
overcome by observ ing  t h e  ang le  between t-he sum and Canopus, b u t  
cons id-erab le  a d d i t i o n a l  i n s t r u m e n t a t i o n  would be r e q u i r e d  t o  make 
u s e  o f  t h i s  in format ion .  

Second, a f t e r  the sun i s  acqu i red  and dur ing  t h e  programmed 
r o t a t i o n  o f  t h e  v e h i c l e  about  t h e  vehic le -sun  l i n e ,  o t h e r  b r i g h t  
stars might move to a p o s i t i o n  14 degrees  from t h e  s p i n  a x i s  {and 
hence from t h e  Canopus-sensor o p t i c a l  l i n e  of s i g h t ) .  Unless  the  
s t a r  senso r  employs some type  of d i s c r i m i n a f i o n  technique  (e .g . ,  
color d i s c r i m i n a t i o n ) ,  a s tar  o t h e r  than Canopus could  be acqu i red .  
With t h e  a i d  of t h e  e a r t h  aspect. s e n s o r ,  however, t h e  Canopus s e n s o r  
can  be d r i v e n  t o  w i t h i n  a few degrees  of  Canopus, making a c q u i s i t i o n  
easy .  Elence, a l though t h e  Canopus sensor  range is un l imi t ed  f o r  
t r a c k i n g  Canopus, a c q u i s i t i o n  range i s  l i m i t e d  t o  those  p l a c e s  i n  
t h e  e c l i p t i c  p l a n e  where t h e  a s p e c t  s enso r  can  sense  t h e  e a r t h  ( o r  
p o s s i b l y  ano the r  b r i g h t  p l a n e t )  . 

Both of  t h e s e  d i f f i c u l t i e s  could  be avoided by sens ing  one 
o t h e r  b r i g h t  s t a r ,  f o r  example, S i r i u s .  S i r i u s  ( V  = -1.44) is. 
approximately 49 degrees  from t h e  sou th  e c l i p t i c  pole. A Canopus- 
S i r i u s  senso r  could  probably  be combined i n  t h e  s a m e  o p t i c a l  package. 
F a i s e ac qu i s i. t i. on wou 1 d be avo i de d b ec au s e s iinu 1 t a rieou s C a. nopi  s 
and S i r i u s  s i g n a l s  would un ique ly  i d e n t i f y  the s0ut.h ec l ip t i c  
p o l e -  

N o  f u r t h e r  e f f o r t  w a s  devoted to t h i s  concept  s i n c e  such 
e f f o r t -  w a s  deemed t o  be o u t s i d e  the scope of  t h e  p r e s e n t  c o n t r a c t .  

5 .  Evalua t ion  of O p t i c a l  Conceuts ___A__ 

A s  noted e a r l i e r ,  t h e  v a r i o u s  pulse-width o p t i c a l  concepts  
w e r e  e v a l u a t e d  ( re f .  A p p n d i x  C )  , and t h e  v e r s i o n  desc r ibed  ' i n  
S e c t i o n  I V . A . l .  above w a s  s e l e c t e d  a s  t h e  best .  Th i s  and t h e  
o t h e r  t h r e e  concepts  desc r ibed  above were t h e n  compared and eva lua-  
t e d  wi th  a view t o  s e l e c t i n g  t h e  most s u i t a b l e  approach t o  imple- 
menting t h e  EAS requi rements .  T h i s  e v a l u a t i o n  e f f o r t  i s  surrinarized 
Fn Table  I X .  As a r e s u l t  of t h i s  e v a l u a t i o n ,  t h e  pulse-width 
system us ing  c o l o r  d i scr imina t io l?  was s e l e c t e d  f o r  d e t a i l e d  des ign  
and f a b r i c a t i o n .  A f u r t h e r  e v a l u a t i o n  of  t h i s  approach was a l s o  
made; t h a t  i s ,  t h e  concept  w a s  compared. and eva lua ted  i n  f o u r  
d i f f e r e n t  v e r s i o n s ,  as i s  desc r ibed  i n  S e r t i o n  i V . H .  

B. SLqnal-Processing Concepts 

To e s t a b l i s h  it basic d i r e c L i o r L  f o r  t h a  necessary  s igna l - -pzocess ing  
c l e c t r o n i - c s ,  a o'ecision had t o  be ma2e between 1) c m p l e t e  a s p c t -  
ang le  and t a r y e t - d j  s c r - i rn ina  t i o n  s i q a l  processinq on boa rd ,  ar_d 
2 )  t e l e m e t r y  of raw o r  i n c o n p l e t e l y  processed l lata to qrourd  
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s t a t i o n s .  The  communication and da ta-handl ing  system of  t h e  P ioneer  
s p a c e c r a f t  (as a rep resen ta t . i ve  s p i n - s t a b i l i z e d ,  h e l i o c e n t r i c  o r b i t -  
i ng ,  deep-space v e h i c l e )  was t h e r e f o r e  i n v e s t i g a t e d .  The conc lus ion  
w a s  t h a t  on-board s i g n a l  p rocess ing  w a s  t h e  more d e s i r a b l e  approach. 
Th i s  d e c i s i o n  w a s  based on two major f a c t o r s :  1) t h e  r e l a t i v e l y  
wide bandwidth r e q u i r e d  f o r  t r ansmiss ion  of  t h e  raw s i g n a l s  from 
t h e  v a r i o u s  op t i ca l  concepts under c o n s i d e r a t i o n  i s  n o t  compat ible  
wi th  t h e  A-D c o n v e r t e r  011 Pioneer  which p rov ides  s i x - b i t  r e s o l u t i o n :  
2 )  t h e  commutation of  t h e  e x i s t i n g  P ioneer  t e l e m e t r y  system is  n o t  
synchronized w i t h  t h e  s p i n  of  t h e  v e h i c l e .  The s i g n a l  condi t i -on ing  
and s t o r a g e  r e q u i r e d  by t h e s e  two f a c t o r s  would i n c r e a s e  r a t h e r  
t han  dec rease  t h e  complexi ty  of t h e  EAS over  t h a t  r e q u i r e d  f o r  on- 
board  computation of a s p e c t  'angle .  

E l e c t r o n i c  b lock  diagrams w e r e  t h e n  gene ra t ed  f o r  t h e  v a r i o u s  
opt ical  concepts :  t h i s  work i s  summarized i n  Appendix D f o r  r e f e r e n c e .  
T h e  fo l lowing  account  traces t h e  e v o l u t i o n  of t h e  e l e c t r o n i c  des ign  
t h a t  i s  desc r ibed  i n  d e t a i l  i n  S e c t i o n  V ,  s t a r t i n g  wi.th t h e  non- 
cohe ren t  s igna l -p rocess ing  concept  gene ra t ed  f o r  u s e  w i t h  t h e  s p l i t -  
r e c t a n g l e  v e r s i o n  of  t h e  pulse-width op t ica l  concept  ( r e f .  
S e c t i o n  1V.A). A s ' c a n  be s e e n  from t h e  block diagram of F i g u r e  2 7 ,  
t h e  system i s  r e l a t i v e l y  simple i n  t h a t  on ly  f o u r  f u n c t i o n a l  b locks  
are  r e q u i r e d  t o  compute aspect ang le .  Th i s  computation i.s accorn-a 
p l i s h e d  by comparing t h e  wid ths  of t h e  t w o  c ~ n s e c u t i v e  p u l s e s  ' 

genera ted  a s  t h e  e a r t h  image sweeps across t h e  s p l i t - r e c t a n g l e  
r e t i c l  e ,  The a c t u a l  com.parison i s  ma6e by t h e  d i f f e r e n t i a l -  o u t p u t  
a m p l i f i e r ,  i n  con junc t ion  wi th  t h e  f i e l d  e f f e c t  t r a n s i s t o r  swj-Lches 
and b is tab le  1. The swi t ches  and bis table  d i r e c t  t h e  f i r s t  of t h e  
two p u l s e s  i n t o  t h e  p o s i t i v e  i n p u t  of t h e  output a m p l i f i e r  and t b e  
second palse i n t o  t h e  nega t ive  i n p t .  As a r e s u l t ,  t h e  f i l t e r e d  
octtput from t h e  a m p l i f i e r  is a dc l e v e l  corresponding t o  t h e  o'if-- 
f e r e n c e  i n  p u l s e  width and i s  t h e r e f o r e  an  ana log  i n d i c a t i o n  of  
aspect a n g l e .  

The purpose of  t h e  Schmi t t  t r i g g e r  i s  t o  provide  t h e  f i n a l  
s tep i n  t h e  t a r 5 e t - d i s c r i m i n a t i o n  p rocess ,  As w a s  p o i n t e d  O u t  i n  
S e c t i o n  IV.A., f i l t e r s  c a n  be s e l e c t e d  so  t h a t  t h e  blue-rninus-red 
s i g n a l  i s  p o s i t i v e  f o r  t h e  e a r t h  and nega t ive  f o r  t h e  moon or  
o t h e r  p l a n e t s .  The Schmi t t ,  s i n c e  it t r i c jge r s  on ly  on pc ls i t ive  
s igna l -preampl . i f ie r  o u t p u t s  , preven t s  t h e  nega t ive  s i g n a l s  f r o n  
reaching  t h e  conpar i son  c i r c u . i t . s  .) The Schmi t t  a l s o  performs t h e  
impor tan t  secondary f u n c t i o n  of p r o v i d i n g  constant-amp1ituZ.e p u l s e s  
t o  t h e  comparison c i r c u i t s .  I f  t h i s , w e r e  n o t  done, t h e  o u t p u t  f r o m  
t h e  o u t p u t  a r~pl - i . f ie r  would be a f u n c t i o n  of  s i g n a l  s t r e n g t h  as well 
as pulse-width d i f f e r e n c e .  

Hemisphere cleterraination i s  de r ived  by i n d i r e c t l y  measu-rirq tkie 
t i m e  between t h e  sun and e a r t h  pulses f o r  a p a r t i c u l a r  p u l s e  seque9ce. 
Th i s  f u n c t i o n  i s  perSormed by bistable  2 .  
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The sun i n p u t  a l s o  i n s u r e s  t h a t  b i s t a b l e  1 i s  always i n  t h e  
proper  s t a t e  i n  t h e  event  t h a t  i t  should be f a l s e l y  t r i g g e r e d  by 
noise  o r  should f a i l  t o  t r i g g e r  on one of t h e  negat ive Schmi-tt 
t r a n s i t i o n s .  I n  a d d i t i o n ,  t h e  su.n inpu t  g a t e s  o u t  t h e  s i g n a l -  
p reampl i f i e r  ou tput  when t h e  sun  i s  i n  t h e  FOV. 

Simultaneously wi th  conception of t h e  non-coherent s i g n a l -  
processing system j u s t  descr ibed ,  a coherent  system f o r  use with 
t h e  t r a p e z o i d a l - r e t i c l e  o p t i c a l  concept w a s  a l s o  worked o u t  (see 
Figure 2 8 ) .  Although cons iderably  more complex than t h e  non- 
coherent  system, t h e  coherent  system has  t h e  advantage of being 
a b l e  t o  ope ra t e  a t  a s u b s t a n t i a l l y  g r e a t e r  d i s t a n c e  from t h e  e a r t h  
than t h e  non-coherent system, b a s i c a l l y  because t h e  no i se  band- 
width i n  t h e  coherent  system i s  no t  determined by t h e  s i g n a l -  
p reampl i f i e r  bandwidth as with t h e  non-coherent system. Ins t ead ,  
when t h e  coherent  system i s  "locked on" t h e  e a r t h  p u l s e ,  t h e  
noise  bandwidth i s  a func t ion  only of t h e  closed-loop servo  band- 
width. This  se rvo  bandwidth can be a s  narrow a s  t h e  expected tilt 
r a t e s  w i l l  a l low.  The narrow-bandwidth system can perform sa t i s -  
f a c t o r i l y ,  even though t h e  e a r t h  s i g n a l  i s  below t h e  noise  l e v e l  
i n  t h e  wideband-pr'eamplifier ou tput .  

B r i e f l y ,  t h e  ope ra t ion  of t h e  coherent  system i s  a s  fol lows.  
A f t e r  t h e  system has locked on t h e  e a r t h  p u l s e ,  s i g n a l s  from t h e  
red  and b lue  d e t e c t o r s  a r e  matched, i n  bo th  width and phase,  by 
means of a spin-coherent e l e c t r o n i c  s ignal--processing system. The 
matching i.s accomplished with two servo loops,  one c o n t r o l l i n g  t i m e  
of pu l se  occurrence and t h e  o t h e r  dura t ion  of t h e  pu l ses .  A t h i r d  
channel. provides  an ear th-present  i n d i c a t i o n .  Hemisphere de t e rn ina -  
t i o n  can be d.erived by i n d i r e c t l y  measuring t h e  t i m e  between t h e  sun 
and e a r t h  pu l ses  f o r  a p a r t i c u l a r  sequence. This func t ion  would be 
performed by t h e  phase c o n t r o l  monostable, 

Both of t h e  s ignal-processing concepts descr ibed  above w e r e  
planned f o r  u s e  with s o l i d - s t a t e  s i l i c o n  d e t e c t o r s .  E i t h e r  could 
be adapted f o r  use  wi th  a bi .-cell  photomult ipl ier- tube d e t e r t o r  by 
a d d i t i o n  of c i r c u i t r y  t o  provide a l t e r n a t e  sampling of t h e  two 
photomul t ip l ie r  s e c t i o n s .  Also, t h e  p reampl i f i e r  f o r  u s e  with a 
photomul t ip l ie r  would be somewhat d i f f e r e n t  i n  t h a t  less ga in  would 
be needed because the  tube i t s e l f  ampl i f i e s  t h e  s i g n a l  cons iderably .  
I n  any event ,  u s e  of t h e  photomul t ip l ie r  tube  would i n c r e a s e  t h e  
com2lexity of t h e  e l e c t r o n i c s .  

A t  t h i s  p o i n t  i n  t h e  program, a dec is ion  was made, a t  a j o i n t  
meeting of NASB/F,mes Research C e n t e r  and Quantic I n d u s t r i e s  (January 
1966), t o  subject t he  following concepts t o  more d e t a i l e d  study and 
anal-ysis :  

1) Optics:  S p l i t - r e c t a n g l e  re t ic le  and t r apezo ida l  r e t i c l e .  
2 )  E lec t ron ic s :  Non-coherent and coherent  s i g n a l  processFrq. 
3)  Detectors :  S o l i d - s t a t e  d e t c c t o r  and p h o t o n i l t i s l i e r  tubc 
4 )  F i e l d  of Viei t r :  Narro-,? and wide. 
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A d e t a i l e d  eva lua t ion  of t h e  two types  of  d e t e c t o r s  is  presented  
i n  Sec t ion  I11 .C .  Signal- to-noise  c a l c u l a t i o n s  and operating-range . 
p r e d i c t i o n s  w e r e  made f o r  four  p o s s i b l e  combinations: coherent  
s i g n a l  processing ( t r a p e z o i d a l  re t ic le )  wi th  s o l i d - s t a t e  d e t e c t o r ,  
coherent  s i g n a l  process ing  ( t r a p e z o i d a l  re t ic le )  wi th  pho tomul t ip l i e r  
tube,  non-coherent s i g n a l  process ing  ( s p l i t - r e c t a n g l e  re t ic le)  wi th  
s o l i d - s t a t e  d e t e c t o r s ,  and non-coherent s i g n a l  process ing  ( s p l i t -  
r ec t ang le  re t ic le)  w i t h  photomul t ip l ie r  t u b e .  D e t a i l s  of  t h i s  work 
a r e  presented  i n  Appendix E. ( I n  each case ,  narrow-FOV o p t i c s  w e r e  
u s e d .  Wide-angle o p t i c s  a r e  discussed below.) 

The r e s u l t s  of t h e  eva lua t ion  of t hese  four  systems a r e  summa- 
r i z e d  q u a l i t a t i v e l y  i n  Table X ,  where o t h e r  parameters t h a t  m u s t  be 
considered a r e  a l s o  r a t e d  coinparatively. A s  can be s e e n ,  no one of  
t h e  four  vers ions  would be s u p e r i o r  t o  t h e  o t h e r s  f o r  a l l  m i s s i o n s ,  
For example, i f  long range is  of paramount importance, a system us ing  
a photomul t ip l ie r  t u b e  should be used. O n  t h e  o t h e r  hand, i f  t h e  
requi red  range i s  l i m i t e d ,  a ve r s ion  us ing  a s c l i d - s t a t e  d e t e c t o r  
could m e e t  ope ra t ing  requirements without  t h e  a d d i t i o n a l  we igh t , s i ze ,  
and high-voltage requirements of t h e  photomult ipl ier- tube vers ions .  

Since t h e  EAS program was n o t  confined t o  a s p e c i f i c  mission, 
s e l e c t i o n  of t h e  approach f o r  d e t a i l e d  design and f a b r i c a t i o n  was 
made a t  a j o i n t  meeting between NASA/Ames and Quant ic  (May 1966) .  
I t  was decided a t  t h i s  meeting t o  proceed w i . t h  design of a non- 
coherent  s ignal-processing system with s o l i d - s t a t e  d e t e c t o r s  and 
a wide-angle F0V 0 5 0  degrees i n  t h e  d i r e c t i o n  perpendicular  t o  
d i r e c t i o n  of t a r g e t  motion) .  I t  had a l r eady  been determined, 
however, t h a t  t he  o p t i c a l  conf igu ra t ion  s e l e c t e d  e a r l i e r  would not  
be su i tab le  f o r  wide-angle FOV a p p l i c a t i o n s .  Some o p t i c a l  modifi- 
c a t i o n s  were suggested (see Appendix F f o r  d e t a i l s ) ,  b u t  t h e i r  
genera l  compl.exity l e d  NASA/Ames t o  r e d i r e c t  t h e  e f f o r t  toward 
design of a narrow-angle FOV o p t i c a l  system. T h i s  r e d i r e c t i o n  
included t h e  dec i s ion  t o  proceed w i t h  a s in-coherent e l e c t r o n i c  
system f o r  u s e  w i th  s o l i d - s t a t e  detectors '  (and correspondingly 
the  o p t i c a l  system with t r a p e z o i d a l  r e t i c l e ) .  

The b a s i c  cons ide ra t ion  leading  t o  t h i s  dec i s ion  was t h a t ,  f o r  
g r e a t e s t  u t i l i t y ,  an EAS of t he  type being s t u d i e d  should be 
capable of ope ra t ion  a t  d i s t a n c e s  of a t  l e a s t  1/2 AU from t h e  
e a r t h  ( 5  x lo7 n . m i . ) .  

* Before t h e  r e d i r e c t i o n  of e f f o r t ,  two b a s i c  arnpl i f ier  configura-  
t i o n s  w e r e  eva lua ted  t o  determine which one would g ive  the  best 
noise  performance f o r  d i f f e r e n t  va lues  of d e t e c t o r  shunt  capa- 
c i t a n c e .  I n  t h e  s ignal-processing e l e c t r o n i c s ,  i n i t i a l  design 
and breadboarding of t he  Schmitt  t r i g g e r ,  b i s t a b l e  m u l t i v i b r a t o r ,  
and output  a m p l i f i e r  w e r e  completed. I n  a d d i t i o n ,  a t e s t  genera- 
t o r  t o  supply s imulated,  var iable-width e a r t h  pu l ses  t o  the 
Schmitt  t r i g g e r  was b u i l t  and t e s t e d .  
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A t  t h e s e  g r e a t  d i s t a n c e s ,  a photomul t ip l ie r  d e t e c t o r  i s  nor- 
mally used i n  o rde r  t o  provide high s igna l - to-noise  r a t i o s  when 
viewing t h e  d i m  e a r t h .  However, a s  a l r eady  d iscussed  i n  Sec t ion  II1.C. 
a pho tomul t ip l i e r  was considered unsu i t ab le  f o r  s e v e r a l  reasons.  
To r e c a p i t u l a t e :  F i r s t ,  most of t h e  a p p l i c a t i o n s  of  t h e  EAS w i l l  
be on v e h i c l e s  ope ra t ing  i n  t h e  e c l i p t i c  plane:  hence, t h e  sun 
w i l l  pass  through t h e  sensor  FOV once each r evo lu t ion  of t h e  
veh ic l e .  Since t y p i c a l  v e h i c l e  s p i n  rates w e r e  expected t o  range 
from 1 t o  4 r p s ,  t h e  sensor  would be subjec ted  t o  many thousands 
of sun p u l s e s  during i t s  l i f e t i m e .  Continual h igh - in t ens i ty  pu l ses  
w i l l  cause d e t e r i o r a t i o n  i n  photomul t ip l ie r  s e n s i t i v i t y .  
a mechanical s h u t t e r  could  be provided,. t h e  thousands of ope ra t ions  
requi red  of such a s h u t t e r  would pose a r e l i a b i l i t y  hazard i n  space.  
(See Appendix G f o r  a d i scuss ion  of sun s h i e l d i n g . )  
reason t h e  pho tomul t ip l i e r  i s  unsu i t ab le  i s  t h a t  t h i s  device,  with , 

i t s  a s s o c i a t e d  high-vol tage power supply, i s  r e l a t i v e l y  bulky and 
heavy. 
i n  o r b i t  would be h igher  with a s o l i d - s t a t e ' d e t e c t o r  s i n c e  it 
r e q u i r e s  no high vo l t ages .  

Although 

A second 

F i n a l l y ,  it w a s  be l ieved  t h a t  r e l i a b i l i t y  f o r  a long per iod  

S e l e c t i o n  of t h e  s o l i d - s t a t e  d e t e c t o r  led  d i r e c t l y  t o  s e l e c t i o n  
of spin-coherent e l e c t r o n i c s .  The d e t e c t i v i t y  of a s o l i d - s t a t e  
d e t e c t o r  i s  only a f r a c t i o n  of t h e  d e t e c t i v i t y  of a pho tomul t ip l i e r .  
The r e s u l t i n g  low s igna l - to-noise  r a t i o  r e q u i r e s  a very long averaging 
t i m e  a t  t h e  instrument  output  i f  usable  measurements a r e  t o  be 
achieved a t  g r e a t  ranges.  However, the  coherent  s igna l -process ing  
system could provide a much be t te r  s ignal- to-noise  r a t i o  than t h e  
non-coherent system and, a t  t he  s t a g e  then developed, was capable 
of ope ra t ion  wi th  s i g n a l s  s imula t ing  a range of 10 ).; lo6 n . m i .  
compared t.o 5 x lo6 f o r  t h e  non-coherent system. The range l i m i t  
o f  10 x 10' n.mi., however, was s t i l l  s h o r t  of  t h e  5 x lo7 system 
goal .*  The design e f f o r t  revealed t h a t  t h e  l i m i t i n g  e f f e c t  a s  f a r  
as long-range ope ra t ion  and s p e c i f i e d  system accuracy a r e  concerned 
was no t  no i se ,  bu t  r a t h e r  unavoidable dc o f f s e t s  a t  t h e  i n t e g r a t i n g -  
ampl-ifier i npu t s .  I n v e s t i g a t i o n s  i n t o  p o s s i b l e  methods of c i r c u m -  . 
vent ing t h e  o f f s e t  problem l e d  t o  design of t h e  system descf ibed  
i n  Sect ion V. This  system u s e s  d i g i t a l  r a t h e r  than analog i n t e -  
grat ior ,  c i r c u i t r y  and a s  a r e s u l t  i s  f a r  l e s s s e n s i t i v e  t o  dc o f f s e t s .  

* The opera t ing  range of 5 x 106 n.rni. would be adequate f o r  t h e  
o r i e n t a t i o n  requi rexents  of t h e  Pioneer series spacecraft; 
however, s ince  t h e  o r i e n t a t i o n  procedure used on t h e  Pioneer 
mission performed s a t i s f a c t o r i l y ,  t he  EAS developxent e f f o r t  was 
r e - d i r e c t e d  tos;ard a sensor  sys tem of g r e a t e r  range and c a 2 a b i l i t y .  
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V. EAS DETAILED DESIGN 

A. 

c a l  
The 

Optics 

The following description of the EAS opt ics  applies t o  the opti-  
head t h a t  was fabricated and assembled under Contract NAS2-3281.  
one piece of checkout equipment needed to  evaluate the opt ica l  

head i s  described i n  Section V I .  

1. System Operation 

The pr inciple  of operation (discussed i n  some d e t a i l  i n  
Section 1V.A) i s  re-stated b r i e f l y  here. An op t i ca l  schematic i s  
shown i n  Figure 2 9 .  The objective lens images the ear th  onto a 
trapezoidal-shaped r e t i c l e . '  A condensing-lens system behind the 
r e t i c l e  forms an image of the objective-lens aperture s top  onto a 
c i rcu lar ,  s i l i c o n  photovoltaic detector.  The detector i s  s p l i t  
along i ts  diameter, and separate outputs a re  available from each 
h a l f .  One half  of the detector i s  covered with a red f i l t e r ,  while 
the other half  i s  covered with a blue f i l t e r .  The condensing lens 
insures complete defocusing of the ear th  image so t h a t  l i g h t  from 
the ear th  w i l l  be spread equally over both the red and blue halves 
of the detector .  

The earth-aspect angle is  measured as follows. The sensor 
i s  mounted on the vehicle with the opt ica l  axis perpendicular t o  
the vehicle spin axis. A s  the vehicle spins, images of the s t a r s ,  
the ear th ,  and other planets pass across the trapezoidal r e t i c l e ,  
producing approximately square output pulses from the t w o  d.- a tcctor  
halves. The width of these pulses i s  a measure o f ' t h e  angle between 
the vehicle spin axis and the l i n e  of s igh t  t o  the targets .  Khen 
the ear th  passes the FOV, the earth-pulse width i s  proportional t o  
the earth-aspect angle to  be measured. 

The system is  prevented from locking on a t a rge t  other than 
the ear th  by incorporation i n  the opt ics  of the means of color 
discrimination ( the  red and blue f i l t e r s )  mentioned above. The 
color discrimination i s  implemented by operating the electronic  
servos from the difference between the outputs of the blue and 
red detectors.  The spec t ra l  bandpasses or' the f i l t e r s  are  selected 
such tha t  the outpct from the blue detector half  i s  larger than 
the output from the red detector half  only for  the ear th .  
moon or  ot'ner planets,  the difference i s  of op,wsite polar i ty .  

For the 

2 .  Packayinq 

The packaged opt ica l  head i s  shown i n  Figure 30. I t  i s  
approximately 4.4 inches i n  length by 2 inches i n  maximum diameter 
and weighs approximately 0 . 8  pound. The head includes the objec- 
t i v e  lens, the condensing lenses with focal-plane r e t i c l e ,  the 
f i l t e r s ,  the b i - ce l l  detector,  and the sun  sensor. The sun sensor 
i s  the small projection mounted a t  the forward end of the telescope 
(near the objective l e n s ) .  The housing i s  of black anodized 
A1 7075-T6. 
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3 .  Object ive Lens 

The o b j e c t i v e  l e n s  i s  a c o n c e n t r i c  t r i p l e t t  (see Figure 31 
for p r e s c r i p t i o n )  T h e  l ens  was designed wi th  t h e  fol lowing 
' c r i t e r i a  imposed: . 

a)  Aperture D i a m e t e r  0.75 i n .  

b) Opt ica l  Bandpass 0 - 3  t o  1.0 IJ- 

c) Focal Length P e r t i n e n t  on ly  t o  t h e  e x t e n t  
t h e  weight of  t h e  o b j e c t i v e  
l e n s  i t s e l f  and the weight 
of t h e  condensing l enses  
would be a f f e c t e d .  

d )  F i e l d  . 36  deg 

e) Resolution Poin t -source  r e s o l u t i o n  
(0.5 deg over  e n t i r e  f i e l d .  

. Since t h e r e  w a s  no requi rement  f o r  a f l a t  image su r face  
(because it was found t h a t  t h e  re t ic le  could be depos i ted  on a 
s p h e r i c a l  s u r f a c e )  , a concen t r i c  l ens  approach appeared s u i t a b l e  - 

' . Ray-trace 4ata for  +:?le o 5 j e c t i v c  lens a r ~  t a b u l a t e 6  below 
for three waveIciqths encorr!passing t h e  op t ica l  bandpass e I t  should 
be noted t h a t  i t e m  g )  gives  the  angular  s i z e  of t h e  d i s k  of con- 
fus ion  f o r  t h e  three wavelengths. S i n c e  a concen t r i c  l e n s  can have 
no :zt,eral chronatic aberra  t i  OL,  %he bliir c i rc les  a t  each sf these 
wavelengths exa.ctly superimpose and t h e  over-a1 1 b l u r  c i rc le  over 
t h e  e n t i r e  o i t i c a ' l  bandpass w i l l  be w21: wi th in  t h e  0.5-degree 
maximum. A l s o ,  s i n c e  a concen t r i c  lens  e x h i b i t s  no ex t r a -ax ia l  
a b e r r a t i o n s  ( i - e .  I no coma o r  astigmatism) , t h e  magnitude of t h e  
blur w i l l  be cons t an t  over t h e  FOV. 

Wavelenqth - 
_I 

(u) - 
~- 0.3650 0.5461 1.014 

7 8  

E f f e c t i v e  f o c a l  length ,  i n .  
Pa rax ia l  back foca l  length ,  i n .  

Marginal back f o c a l  le_rgth, i n .  

Spl ier ical  abe r ra t ion ,  i n .  

D i a m e t e r  of d i s k  of c o n f u s l o ~ ,  i n .  
Dis tance of disk of confusion 
f r o 3  apert.ure skop, i n ,  

Aliyle subten2Fd by disk of 
ccjnfusioii a t  u:>2rturc stop, deg 

1.9999 
0.999 
1.056 
-0.057 
0.00538 

2 -043 

0.15 

1.9999 1.9999 
0.999 0.999 
1.047 1.040 
-9.048 -0.041 
0 .. 00447 0.00383 

2 . 0 3 6  2 . 0 3 1  

0.13 0.11 
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P R E S  C R I  P T I  ON 

Diameters 

K3 1.300” 

CaF2 * 

K3 1.300” 

* Since this is a notched sphere, the 
diameter is dependent simply on the 
radius and its tolerance. 

OBJECTIVE LENS 
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. 4.  Reticle 

A s  mentioned above, ' the r e t i c l e  i s  deposited on the f i r s t  
surface of the condensing-lens system, which i s  concave with a 
radius of curvature of 2.G55 inches. This surface a l so  corres- 
ponds t o  the focal surface of the concentric objective lens. The 
specif icat ion for the r e t i c l e  pattern i s  shown i n  Figure 3 2 .  

The shape of the r e t i c l e  has a s ign i f icant  e f f e c t  on system 
operation. A s  can be seen i n  Figure 32, the scale  factor  (pulse 
width versus look angle) i s  a function of the slope of the two 
s ides  of the trapezoid. However, t h i s  scale factor  can be increased 
only a t  the expense of bandwidth. The actual  trapkzoid s i z e  and 
shape'were dictated by system s i z e  and op t i ca l  considerations. The ' 

trapezoid height was chosen'to allow for  aspect sensing over a 
515 degree' range. The top of the trapezoid provides for  a pulse 
width equivalent t o  4 degrees of vehicle spin phase, which is  about 
the lower prac t ica l  l i m i t  of pulse width t h a t  can be processed t o  
indicate aspect angle. The trapezoid base.was made as large as 
possible without increasing the maximum off-axis f i e l d  angle 
beyond 18 degrees. A wider base would have imposed a requirement 
for  more o r  larger condensing-lens elements. 

5. Condensinq Lenses . .  

The function of the condensing lenses i s  t o  image the 
objective-lens aperture s top  onto the detector surface. Since 
higher d e t e c t i v i t i e s  and f a s t e r  time constants can be achieved as 
detector s i z e  i s  reduced, t h i s  image should bs as small as possible. ' 

The condensing-lens prescription i s  shown i n  Figure 33. A s  indicated, 
a l l  four elements are made of fiused s i l i c a .  This lens system, with 
i t s  f i r s t  s-urface located a t  the focal  surface of the objective lens,  
forms' a 0.274-inch-diameter image of the 0.75-inch-diameter aperture 
approximately 0 .25  inch from the rear surface of the l a s t  element. 

6. F i l t e r s  

Selection of the red and blue color-discrimination f i l t e r s  
was one of the more c r i t i c a l  problems encountered i n  the EAS design. 
The f i l t e r s  m u s t  be chosen such t h a t  the following two conditions 
are  met: 

a) Sb - S 

planets t ha t  might be within detection range 
of the EAS. 

< 0 when viewing the moon o r  those r -  

b)  Sb - S > 0 when viewing the ear th ,  and as 

large as possible without violat ing the 
constraints  imposed by requirement a ) .  

r 
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H e r e ,  Sb = s i g n a l  developed by t h e  h a l f  of the d e t e c t o r  beneath 
the b lue  f i l t e r ,  and 

= s i g n a l  developed by t h e  h a l f  of t h e  d e t e c t o r  beneath 
t h e  red  f i l t e r .  'r 

The following f i v e - s t e p  plan w a s  ou t l i ned  f o r  s e l e c t i o n  of 
t h e  f i l t e r s :  

a) Calcu la te  and p l o t  t h e  r e l a t i v e  response of t h e  
s i l i c o n  d e t e c t o r  to  t h e  e a r t h ,  t h e  moon, and t h e  o t h e r  p l ane t s  as 
a func t ion  of wavelength, us ing  t h e  p l ane ta ry  c o l o r  d a t a  presented 
i n  Sec t ion  III.B, Table 111. 

under 
a r e a s  
i d e a l  

b) Find the wavelength (bC) t h a t  w i l l  d i v i d e  the area 
each response curve (except  t h a t  of t h e  e a r t h )  i n t o  two equal  

b lue  and r ed  f i l t e rs ,  r e spec t ive ly ,  t h a t  w i l l  r e s u l t  i n  
Sb - Sr = 
is i n t e r p r e t e d  t o  mean tha t  t h e  f i l t e r  has  100% transmission wi th in  
i t s  o p t i c a l  bandpass and a s t e p  func t ion  cut-off o r  cut-on with 
zero-degree t ransmission ou t s ide  t h e  bandpass.)  

. This s t e p  l o c a t e s  t h e  cut-off  and cut-on wavelengths f o r  

0 for  each t a rge t '  (condi t ion  a above).  (The t e r m  " i d e a l "  

c) S h i f t  t h e  values  of A, t o  t h e  l e f t  ( t o  s l i g h t l y  
s h o r t e r  wavelengths) t o  a l low f o r  a s a f e t y  f a c t o r  and thus  provide 
f o r  a s l i g h t l y  nega t ive  Sb - Sr l e v e l .  

d) S e l e c t  t he  small-est  value of Ac,  ignoring t h e  curves 
fo r  t h e  t a r g e t s  t h a t  would be d e f i n i t e l y  ou-t, of rar,ge fer a s.pecific 
mission,  

e) Select f i l t e r s  having c h a r a c t e r i s t i c s  as close as 
possible t o  those of  t h e  i d e a l  f i l t e r s  ( o r  have such f i l t e r s  
designed and custom f a b r i c a t e d )  . 

f )  U s e  t h e  s m a l l e s t  value of hc, i n  conjunct ion wi th  

when viewing t h e  e a r t h  (condi t ion  b 
t h e  spec t ra l - response  curve of t h e  e a r t h  (from Figure 34) t o  de t e r -  
mine t h e  magnitude of Sb - S 
above).  

r 

The above s t e p s  w e r e  taken (see Figure 34 for t h e  s p e c t r a l -  
response curves r e s u l t i n g  from s t e p  a ) ,  and t h e  i d e a l  f i l t e r s  as 
determined by the  smallest  value of Ac were s p e c i f i e d .  
n a l  plan was t o  procure a series of cut-on and cut-off  f i l ters  
wi th  an incremental  series of cut-on and cut-off  wavelengths. 
However, although cut-on f i l t e r s  of  t h i s  type a r e  r e a d i l y  a v a i l a b l e ,  

The o r i g i -  
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such cut-off f i l ters a r e  not .  Obtaining a s a t i s f a c t o r y  set  would 
have requi red  a design e f f o r t  as w e l l  a s  custom f a b r i c a t i o n .  For 
schedule and budget reasons,  it w a s  decided t o  purchase t h e  series 
of  cut-on f i l t e rs  b u t  n o t  t o  proceed wi th  procurement of cut-off 
f i l t e r  design and f a b r i c a t i o n .  In s t ead ,  the above approach was 
var ied  t o  use a r ed  cut-op f i l t e r  over t h e  one detector h a l f  and 
t o  leave the other d e t e c t o r  h a l f  u n f i l t e r e d .  An arrangement w a s  
t o  be provided t o  e l e c t r i c a l l y  a t t e n u a t e  t h e  u n f i l t e r e d  d e t e c t o r  
h a l f .  Thus, by viewing a c t u a l  p l a n e t s  and a r t i f i c i a l  t a r g e t s ,  it 
would be poss ib l e  t o  o b t a i n  the information necessary t o  spec i fy  
a b lue  cut-off  f i l t e r  f o r  a s p e c i f i c  mission. However, t h e  program 
ended before these  tests could be conducted. 

7 .  Detector 

The d e t e c t o r  i s  a s i l i c o n  photovol ta ic  quadrant -ce l l  u n i t .  
De ta i l ed  s p e c i f i c a t i o n s  a r e  given i n  Figure 3 5 .  The u n i t  i s  
b a s i c a l l y  t h e  Electro-Nuclear Laborator ies  detector model 6 4 0 B  i n  
a ' s p e c i a l  housing, wi th  s l i g h t l y  moaified e lectr ical  requirements. 
I n  use,  two p a i r s  of ad jacen t  quadrants w e r e  connected i n  p a r a l l e l  
t o  conver t  t he  d e t e c t o r  i n t o  a bi-cel l  u n i t .  The only  reason f o r  
procuring the  quadrant -ce l l  u n i t  was i t s  a v a i l a b i l i t y  a s  a s tock  
i t e m ,  which is n o t  t h e  case  wi th  bi-cell  u n i t s .  

8. Sun Sensor 

A s  descr ibed i n  Sec t ion  V.B, the  purpose of t h e  sun  sensor  
is  t o  provide the  main tircing pulse  f o r  monostable I, which i s  
t r igge red  by delay of the s o l a r  pulse .  

The sun sensor  c o n s i s t s  of a r ec t angu la r  ape r tu re  t h a t  
s e rves  as a shadow caster t o  def ine  a rec tangular  FOV and a 
s i l i c o n  p h o t o t r a n s i s t o r  wi th  a small  s e n s i t i v e  a r e a  as t h e  d e t e c t o r .  
The s p e c i f i c  detector used is  a S i l i conex  pho to t r ans i s to r  with the 
lens  cap removed. 

The r ec t angu la r  FOV i s  3 2 "  x 26' and co inc ides  wi th  the 
EAS f i e l d  of view, a s  shown i n  Figure 36, which a l s o  i n d i c a t e s  
s o m e  o t h e r  p e r t i n e n t  dimensions. 

.... ! 
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005" 

Sens i t ive  area:  0.7 cm diameter, con- 

Separation between quadrants: 0.005 i n .  
. s i s t i n g  of four quadrants 

Wavelength of peak response (A ) : < 0.8 

(It i s  desired t o  s h i f t  the  de t ec to r  
response t o  a s  sho r t  a wavelength a s  
possible  without compromising other  
performance c h a r a c t e r i s t i c s . )  

P 

Dark impedance pe r  quadrant: < 1 Mi2 

Capacitance per  quadrant: 
Responsivity per quadrant: 0.4 A/W 

< 80,O pF 

. . D* (hp,270,1) per  quadrant: 10l2 cm-cps x /w 
P a t  X 

. Matching between quadrants: 5% o r  better 

S I L I C O N  PHOTOVOLTAIC DETECTOR 

FIGURE 35 
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a .  Schematic 

Scale: lox 
S U N L I G H T  

b. Field of View - 
Scale: lox 

0.15" 
( 3 2 O )  

- c -- 

. P S d M S I T I V E  AREA O F  
PHOTOTRANSISTOR 

C .  A c t u a l  Size 

r-' \ 
I 

/ \ 

I 
0.12" 
( 2 6 ' )  

SUN SENSOR 

ETGURE 36 

Y E A S  FOV 
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B. E lec t ron ic s  

The fol lowing d e s c r i p t i o n  of.  the EAS e l e c t r o n i c s  a p p l i e s  t o  
t h e  f i n a l  breadboard system tha t  w a s  assembled and p a r t i a l l y  t e s t e d  
under Cont rac t  NAS2-3281. T h e  breadboarding and t e s t i n g  phase is  
discussed i n  Sec t ion  V I .  The opera t ion  of  t h e  system is descr ibed 
f irst ,  followed by d e r i v a t i o n s  of the servo  error s i g n a l  and the 
servo  t r a n s f e r  func t ion .  The concluding s e c t i o n  desc r ibes  t h e  
d i g i t a l  i n t e g r a t o r  used t o  achieve t h e  des i r ed  t r a n s f e r  func t ion .  

1. System Operation 

A f t e r  e a r t h  a c q u i s i t i o n  ( i - e . ,  system locked on e a r t h  pulse)  , 
.pulses genera ted  l o c a l l y  are matched, i n  both width and phase+ ( o r  
p o s i t i o n ) ,  t o  t h e  weak e a r t h  pulses  from .the s i g n a l  preampl i f ie r  by 
means of t w o  a l l - e l e c t r o n i c  servo  loops. The f i r s t  loop, c a l l e d  
t h e  phase (or pos i t i on )  servo,  c o n t r o l s  t h e  t i m e  (measured f r o m  sun 
passage) a t  which . the  l o c a l l y  generated pulses  accur .  The second 
loop, c a l l e d  the width servo,  c o n t r o l s  t h e  du ra t ion  of t h e  l o c a l l y  
generated pulses .  A . t h i r d  channel provides an ea r th -p resen t  
( i . e . ,  track-check) i n d i c a t i o n .  Hemisphere-determination l o g i c  can 
be obtained r e a d i l y  j u s t  by looking a t  t h e  ou tpu t  of monostable 1, 
s i n c e  i t s  duty  cyc le  i s  a d i r e c t  i n d i c a t i o n  of  t h e  angular  s epa ra t ion  
between sun and e a r t h  f o r  a given sun-earth pulse  sequence. 

cons t an t  i s  equal  t o  the t i m e  cons t an t  of t h e  var ious  servo  loops 
involved. 
s t a n t s  of almost any d e s i r e d  length .  To  c l a r i f y  how t h e  a c q u i s i t i o n  
and p u l s e  matching a r e  accomplished, reference i s  made t o  t h e  sequence 
of events  l i s t e d  below, t h e  block diagram (Figure 3 7 a ) ,  the schematic 
(Figure 37b) ,  and t h e  . waveforms a t  key p o i n t s  i n  the system 
(Figures 38, 39, and 4 0 ) .  F igure  3% shows the waveforms before  th; 
system h a s  locked on t h e  e a r t h  pu l se ;  F igure  39 shows t h e  waveforms 
a f t e r  t h e  system has locked on the e a r t h  pu l se  i n  phase: F igure  40 
shows the waveforms a f t e r  the system h a s  servoed on t h e  pu l se  width. 
The  cond i t ions  l i s t e d  below p r e v a i l ,  whether t h e  system is  t r ack ing  
or not .  

W i t h  t h i s  k ind  of process ing ,  the e f f e c t i v e  system t i m e  

The d i g i t a l  i n t e g r a t i o n  techniques used permit t i m e  con- 

a) Monostable 1 i s  turned on by t h e  nega t ive  
t r a n s i t i o n  o f  t h e  sun pulse.. 

b) Monostables 2 ,  3, 4 ,  and 5 are turned on 
by t h e  p o s i t i v e  t r a n s i t i o n  of  t h e  preceding 
monostable output .  

c) The on-time of  monostable 1 i s  c o n t r o l l e d  
by t h e  ou tpu t  f r o m  ampl i f i e r  A9.  

d )  The on-time o f  monostables 2 ,  3, 4, and 5 
i s  con t ro l l ed  by the ou tpu t  from a m p l i f i e r  A 4 .  

e)  The on-time of monostables 2 and 5 are a few 
mi l l i seconds  longer than t h e  on-t iqes  of 
monostables 3 and 4. 

8% 



Sequence of Events 

F i r s t  Vehicle Revolution (immediately a f t e r  sensor  power is 
and be fo re  e a r t h  a c q u i s i t i o n  - 

tl: 

t2 : 

t3 : 

t4 : 

t5 : 

t6: 

ref. F igure  38) 

Negative sun-pulse t r a n s i t i o n  occurs;  
monostable 1 ou tpu t  goes negat ive.  

Monostable 1 ou tpu t  goes p o s i t i v e  (vol tage  from 
A9 i s  such tha t  p o s i t i v e  t r a n s i t i o n  occurs  
10 degrees f r o m  nega t ive  sun-pulse t r a n s i t i o n ) ;  
monostable 2 ou tpu t  goes negat ive .  

Monostable 2 ou tpu t  goes p o s i t i v e  (vol tage  f r o m  
A4 i s  such tha t  on-time i s  a t  i t s  minimum v a l u e ) ;  
monostable 3 ou tpu t  goes negat ive.  

Monostable 3 ou tpu t  goes p o s i t i v e ;  monostable 4 
o u t p u t  goes nega t ive-  ' 

Monostable 4 ou tpu t  goes p o s i t i v e ;  monostable 5 
ou tpu t  goes nega t ive .  

Monostable 5 ou tpu t  goes p o s i t i v e .  

- Second Vehicle Revolution 

Same a s  f i r s t  revolu t ion ,  except  tha t  vo l t age  from A9 
i s  now such t h a t  t h e  on-t ine of monostable I has  in- 
creased s l i g h t l y  (on-time corresponds t o  a change of 
0 .2  degree i n  l o c a t i o n  of  t h e  negat ive t r a n s i t i o n  
r e l a t i v e  t o  t h e  sun p u l s e ) .  

Third Vehicle Revolution 

Same a s  second veh ic l e  r evo lu t ion .  

'This sequence cont inues u n t i l  t h e  e a r t h  pulse  s t a r t s  t o  
ap2ear a t  t h e  ou tpu t s  of track-check g a t e s  2 ,  3 ,  4 ,  and 5 (con- 
t r o l l e d ,  r e s p e c t i v e l y ,  by monostables 2 ,  3 ,  4 ,  and 5 ) .  When t h e  
sum of these  four  outputs  is of s u f f i c i e n t  amplitude, track-check 
ampl i f i e r  A5 a c t i v a t e s  t h e  track-check Schmitt  t r i g g e r ,  t u rn ing  
c o n t r o l  of  monostable 1 on-time over t o  t h e  d i g i t a l  i n t e g r a t o r  
and ampl i f i e r  A9.  Servo a c t i o n  now takes  over and t h e  on-time of 
monostable 1 is  cor rec ted  u n t i l  a l l  four  monostable pulses  f a l l  
w i t h i n  t h e  e a r t h  pulse  (ref.  Figure 3 9 ) ;  e l e c t r i c a l l y ,  t h i s  happens 
when the  ou tpu t  of p o s i t i o n  g a t e s  G2 i- G3 equals  t h e  output  of 
p o s i t i o n  g a t e s  G4 + 65. 
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Once t h e  "center ing"  descr ibed above i s  complete, t h e  
servo  c o n t r o l  of monostables 2 ,  3 ,  4, and 5 begins .  Since the 
combined on-time of the four  monostables i s  s h o r t e r  than t h e  ear th-  
pu lse  du ra t ion  ( r e f .  Figure 3 9 ) ,  t h e  ou tpu t  of  width gates G2 + G 5  
is g r e a t e r  than t h e  output  of width g a t e s  G3 + G4. 
ence i n  vol tage  is the  e r r o r  s i g n a l  t h a t  i s  processed i n  the d i g i t a l  
i n t e g r a t o r  and amplif ied i n  ampl i f i e r  A4; the amplif ied error s i g n a l  
is then  used t o  servo  t h e  monostables u n t i l  t h e  ou tpu t  of G2 + G 5  
equals  t h e  ou tpu t  of G3 + G4 (ref. Figure 40 ) .  When t h i s  occurs ,  

half the ear th-pulse  width.  

This d i f f e r -  

' t h e  combined pulse  width of monostables 3 and 4 is  e q u a l  t o  one- 

h 
e 

I- To o b t a i n  a spec t  angle ,  a l l  t h a t  i s  necessary now i s  t o  f i l t e r  
and amplify t h e  monostable 3 and 4 waveforms ( a f t e r  appropr i a t e  
shap ing) .  This f i l t e r i n g  and amplifying is done i n  ou tpu t  ampli- 
f i e r  A6, whose ou tpu t  is an analog i n d i c a t i o n . o f  a spec t  angle .  

Ear th  Pulse  a t  Aspect Angle €I2 

2 .  Derivat ion of Servo Error  S iqna l  

a .  Width Servo 

Trapezoidal 
Defining r Aperture 

T 
.i 

Ear th  Pulse  a t  Aspect Angle el 

+ - 1 4  
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a 

Y 
B 

e 
6 

L1 

L2 
e 

P 

Def in i t i ons  of T e r m s  

= angle  subtended by narrow end of  f i e l d  of view = 4 degrees.  

= angle  subtended by wide end of f i e l d  of view = 2 4  degrees.  

= angular  h e i g h t  of  f i e l d  of view = 30 degrees .  

= aspec t  angle ,  i . e . ,  ear th-cross ing  p o s i t i o n n  

= t a n  

= l ength  of  e a r t h  pulse  a t  el = a + 2(p - el) t a n  @ (deg rees ) .  

= length of  e a r t h  pulse  a t  e2 = a 3. 2 (p  - Q 2 )  t a n  @ (degrees) . 
= peak e a r t h  s i g n a l  from d e t e c t o r s  ( a f t e r  ampl i f i ca t ion  by 

-1p - a )  
2 .  

s i g n a l  preampl i f ie r )  . 
) = e a r t h  s i g n a l  averaged over one cyc le .  L 

e p  bGF 

I n  t h i s  d e r i v a t i o n ,  it i s  assumed t h a t  t h e  width servo 
has  servoed onto an e a r t h  pulse  of length  LL.  
a s p e c t  angle  0,  t he  width servo must then  correct i t s e l f  to  the  new 
@ u l s e  length  L2.  Referr ing back t o  t h e  d e s c r i p t i o n  of system ope ra t ion ,  
t h e  width-servo e r r o r  s i g n a l  (e ) is  obtained by s u b t r a c t i n g  t h e  

o u t p u t  of width g a t e s  G2 3 G 5  from t.he output  of width g a t e s  G3 + G4. 
Since G3 and G4 "see" the  c e n t e r  h a l f  of t h e  e a r t h  pulse  ( re€erence  
Figure 401, where monostables 3 and 4 a r e  each "on" f o r  one-Eourth 
of  t h e  e a r t h  pulse)  , t h e  t o t a l  change appears i n  t h e  outputs  of G2 
and G5. This change, o r  e r r o r  s i g n a l ,  is  d i r e c t l y  propor t iona l  t o  
L 1  - L2 and i s  der ived a s  follows: 

For a small change i n  

we 

360" e = e  
W e 



b, P o s i t i o n  Servo 

Sun P u l s e  Ear th  P u l s e  

I 
I I 

I 

The d e r i v a t i o n  of  t h e  posi t ion-servo e r r o r  s i g n a l  is  
d i f f e r e n t  from t h e  d e r i v a t i o n  of t h e  width-servo error s i g n a l  i n  
t h a t  ope ra t ion  of the  p o s i t i o n  serva is e s s e n t i a l l y  independent of 
a spec t  angle and FOV angular  dimensions. For t h i s  d e r i v a t i o n ,  it 
is-assumed t h a t  bo th  t h e  widt'n and p o s i t i o n  servos have locked onto 
some a r b i t r a r y  pulse  width a t  an angle  C#I between the sun-pulse 
t r a i l i n g  edge and t h e  earth-pulse '  leading edge. 
small  change, A@p i n  t h i s  angular  p o s i t i o n .  Refer r ing  once again 
t o  the d e s c r i p t i o n  of system opera t ion ,  t h e  posi t ion-servo e r r o r  
s i g n a l  i s  obtained by s u b t r a c t i n g  t h e  ou tpu t  of  p o s i t i o n  g a t e s  
G2 + G3 f ro rn  t h e  ou tpu t  of p o s i t i o n  g a t e s  G4 + 6 5 .  A s  i n  t h e  case 
of t h e  width servo,'  t h e  outputs  of G3 and G 4  remain cons t an t  and 
equ.al; t h e r e f o r e  t h e  posi t ion-servo e r r o r  i s  simply G2 - G 5 ,  or  i n  
equat ion form: 

Now consider  a 

- 
- - e  P (*) 
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N o t e :  A s  has been seen, the magnitudes of both t h e  
posi t ion-servo and width-servo error s i g n a l s  are a func t ion  of 
duty cyc le  only  and are t h e r e f o r e  independent of s p i n  rate.  How- 
ever ,  s i n c e  the inonostables c o n t r o l l i n g  the gates are on-time 
v a r i a b l e  as a func t ion  of servo  c o n t r o l  vo l tage ,  they a r e  a f f e c t e d  
by s p i n  rate.  This means t h a t  even though t h e  d e r i v a t i o n s  a r e  
correct for  any given s p i n  rate, a change i n  s p i n  rate w i l l  change 
both  the ear th-pulse  width and t h e  t iming between t h e  sun and e a r t h  
pulses  and w i l l  t h e r e f o r e  create error s i g n a l s  that  w i l l  be dr iven  
o u t  by the r e s p e c t i v e  servos .  

3 .  Deriva t ion  of Servo Transfer  Function 

The p s i t i o n - s e r v o  and width-servo block diagrams and 
t r a n s f e r  func t ions  are i d e n t i c a l  i n  form, although, as was seen i n  
t h e  d e r i v a t i o n  of error s i g n a l s ,  some of the scale f a c t o r s  i n  t h e  
var ious  blocks are d i f f e r e n t .  The fol lowing d e r i v a t i o n  d e a l s  wi th  
t h e  t r a n s f e r  func t ion  i n  gene ra l  form. H e r e  t he  d i g i t a l  i n t e g r a t o r  
i s  assumed t o  be an i d e a l  i n t e g r a t o r  whose t r a n s f e r  func t ion  i s  
represented by cu/jm, where o i s  t h e  e f f e c t i v e  bandwidth of  t h e  
i n t e g r a t o r .  The Eollowing ske tch  shows a block diagram model of 
t h e  p o s i t i o n  and width servo  loops. 

D i g i t a l  D -A 
Gates 2-5 I n t e g r a t o r  Converter Mono s t a b  1 e s 

This i s  equ iva len t  t o :  

H e r e  2 = XYK. 
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From th is ,  the closed-loop t r a n s f e r  func t ion  is:  

N o t e :  T h e  scale f a c t o r s  X and Y f o r  t h e  gates and mono- 
stables a r e  shown a s  v a r i a b l e s ,  s i n c e  X i s  range dependent and Y 
i s  s p i n - r a t e  dependent. 
func t ion  i t s e l f  v a r i e s  as a func t ion  of both range and s p i n  rate. 
I f ,  however, t h e  c o n t r o l l a b l e  parameters of t h e  t r a n s f e r  func t ion  
can be designed for worst-case condi t ions  ( t a r g e t  range of 
5 X lo7 n.mi. and 2 r p s ) ,  the system w i l l  perform as w e l l  o r  better 
a t  closer ranges and/or l o w e r  s p i n  r a t e s .  . 

This means of course t h a t  t he  t r a n s f e r  

The system accuracy s p e c i f i c a t i o n  is  0 .5  degree.  
t h i s  accuracy, t h e  combined rms-noise equ iva len t  angle  and o t h e r  
e r r o r  sources  cannot exceed 0 .5  degree.  Therefore,  i n  the system 
design,  t h e  goal  w a s  t o  hold ind iv idua l  errors b e l o w  0 .2  degree. 
To determine what t h e  parameters of t h e  system t r a n s f e r  func t ion  
must be t o  achieve an rms-noise equivalen-t  angle  of less than 
0 . 2  degree,  t h e  following equat ion was used ( f o r  t h e  width servo 
only)  : 

To achieve 

= e  (9 )  
e ( 0 . 2 O )  n (a1) e 

- I ( 0 . 2 O )  t a n  6 
eP 

where e*% , ( 0 . 2 O )  

e = rms-noise vo l t age  from s i g n a l  preampl i f ie r  i n  a 

O2 

n (w,) 1-cps bandwidth (ul = 6.28)  a t  30 cps ,*  

= frequency, where the closed-loop t r a n s f e r  func t ion ,  

Z W  
j c u  -I- Z o  

= 0.707 = closed-loop system bandwidth, 

0 = nominal ear th-pulse  width = 14 degrees.  

* The 30-cps s p o t  no i se  was used a s  a b a s i s  f o r  compu.ting no i se  
equ iva len t  angle  because of t h e  e f f e c t  gaeing has  on t h e  output  
of t h e  wideband s i g n a l  preampl i f ie r .  A Fourier  a n a l y s i s  of  t h e  
g a t i n g  waveform, f o r  a nominal s p i n  r a t e  and pulse  width,  i nd ica t ed  
t h a t  t h e  f requencies  of maximum transmission a r e  around 30 cps 
(see Figure 4 1 ) .  
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Values f o r  e w e r e  determined by l abora to ry  measurements- n (a1) 
Thus, i n  equat ion ( 9 ) ,  f o r  a given range, t he  only unknown i s  02, 

which is ,  rear ranging  equat ion  ( 9 )  : 
c\ 

S u b s t i t u t i n g  o2 i n t o  equat ion  (8) , 
g ives  

the closed-loop t r a n s f e r  func t ion ,  

--- - - 0.707 i 
Zu, 

jo, i Zo 

or I jo, 1. 
For a given range and s p i n  r a t e ,  X,  Y, and K are known. 

Therefore,  s i n c e  Z = XYK, 

co2 - 1 a = - - - .  Z T 

After  equat ion  (1 1) i s  solved f o r  m2, equat ion  (13) determines what 
t h e  e f f e c t i v e  time cons tan t ,  T, of t h e  d i g i t a l  i n t e g r a t o r  must be 
t o  s a t i s f y  Yne rms-noise equ iva len t  angle  requirement of 0 . 2  degree 
or less. 

The measured va lue  for en(cu and t h e  p red ic t ed  s i g n a l  l e v e l  
1 

a t  5 x lo7 n.mi. w e r e  s u b s t i t u t e d  i n t o  t h e  preceding equat ions ,  re- 
s u l t i n g  i n  a va lue  of approximately 1000 seconds 'for t h e  requi red  
closed-loop system time cons tan t .  From t h e  s t andpo in t  of no i se ,  
t h e r e f o r e ,  if t h e  long system t i m e  cons t an t  can be t o l e r a t e d ,  oper- 
a t i o n  a t  ranges o u t  t o  5 x L O 7  n.mi. and beyond appears f e a s i b l e .  

4. D i q i t a l  I n t e q r a t o r  

It was mentioned e a r l i e r  t h a t  d i g i t a l  r a t h e r  than .analog 
i n t e g r a t i n g  techiqcies a r e  used i n  achieving the  desired; t r a n s f e r  
func t ion .  The prel iminary design of  t h e  coherent  s igna l -process ing  
s i - s t e r n  d i d  use analog i n t e g r a t o r s ,  but, as a l r eady  discussed i n  
Sec t ion  1V.B.  t h e  dc o f f s e t s  a t  t h e  i n t s g r a t i n g - a m p l i f i e r  i npu t s  
were so l a r g e  compared t o  t h e  p red ic t ed  e r r o r  s i g n a l s  a t  5 x l o 7  n.mi. 
t h a t  t h e  sensor  accuracy requirement coul-d n o t  be m e t .  The p.ost 
promising s o l u t i o n  t o  t h e  problem appeared t o  be opa ra t ion  of t h e  
width and p o s i t i o n  servo  c i r c u i t r y  i n  an ac or pulse  mode u n t i l  t h e  
e r r o r  s i g n a l  l e v e l  i s  s u f f i c i e n t l y  high t o  be unzf fec ted  by dc of f -  
sets. Based on pre l iminary  t e s t i n g  ( s e e  S e c t i o n  VI!, t h e  design 
shown i n  Figure 37 appears t o  s a t i s f y  t h e  system 'desigr: goal of 
ope ra t ion  a t  5 :i 107 n.mi- 



The fundamental d i f f e r e n c e  between t h e  aqalog and d i g i t a l  
i n t e g r a t o r  systems i s  t h e  way i n  which the  i n t e g r a t i o n ,  or system 
t i m e  cons tan t ,  i s  r e a l i z e d -  I n  t h e  analog design,  the outputs  of  
t h e  p o s i t i o n  and width g a t e s  2 through 5 ( con t ro l l ed  by monostables 
2 through 5 )  would be fed d i r e c t l y  i n t o  i n t e g r a t i n g  ampl i f i e r s ;  
thus  t h e  e r r o r  s i g n a l s  appearing a t  t h e  outputs  of  t h e  g a t e s  would 
have t o  be s t rong  enough t o  overcome t h e  d c  o f f s e t s  appearing a t  
t h e  inpu t  te rmina ls  of t h e  i n t e g r a t i n g  a m p l i f i e r s .  However, t h e  dc 
o f f s e t s  w e r e  l a r g e  enough t o  prevent sensor  ope ra t ion  o u t  to  t h e  
system ra-nge goal- of s x 107 n.mi. 

I n  t h e  d i g i t a l  system, t h e  i n t e g r a t i o n  func t ion  i s  performed 
by high--gain pulse  ampl i f i e r s  A2 and A3 i n  t h e  width servo;  ampli- 
f i e rs  A 7  and A8 i n  t h e  p o s i t i o n  servo; sampl-ing g a t e s  G6, G7, and 
G8; t h e  p o l a r i t y  l o g i c  c i r c u i t s ;  and t h e  up-down counters  ( r e f .  
Figure 3 7 ) .  S i n c e  ope ra t ion  of both t3e width servo  and t h e  posi- 
t i o n  servo i s  e s s e n t i a l l y  t h e  same, t h e  following d i scuss ion  d e a l s  
with the  width servo  only.  

The outputs  of g a t e s  G2 through G 5 ,  i n s t ead  of being fed 
d i r e c t l y  i n t o  a dc a m p l i f i e r ,  
Once each revolu t ion  ( a f t e r  monostable 5 r e t u r n s  t o  i t s  s t a b l e  
s t a t e )  G6 and G7 sample t h e  vol tage  s to red  on C 1  and C2 
Amplif iers  A2 and A3 amplify the  d i f f e r e n c e  between ecl and ed2- 
The r e s u l t a n t  pu lse  is  fed t o  t h e  d i g z t a l  c i r c u i t s ,  i . e . ,  t h e  p o l a r i t y  
Logic and t h e  up-down counter .  ( S i n c e  the  system i s  ac- or 
capacit ive-coupled through both pulse  arnpl i f iers ,  a m p l i f i e r  d c  o f f -  
sets have no e f f e c t  on pulse  p o l a r i t y . )  T h e  counter  counts  down i f  
t he  pulse  i s  p o s i t i v e  a.nd up i f  t h e  pulse  i s  negat ive.  

a r e  s t o r e d  on c a p a c i t o r s  C1 and C 2 .  

(eC3- and eC2) - 

The a c t u a l  i n t e g r a t i n g  is  performed by t h e  f i r s t  5 S i t s  
(bu f fe r  s e c t i o n )  i n  t h e  14-bi t  up-down counter i n  t h a t  any counting 
o r  changes of s t a t e  i n  t h e  f i r s t  5 b i t s  a r e  no t  coupled i n t o  t h e  
d ig i ta l - to-ana log  conver te r  and t h e r e f o r e  do n o t  a f f e c t  t h e  on- t ines  
of monostables 2 through 5. 
negat ive counts a r e  requi red  before  a change o r  c o r r e c t i o n  i s  made 
t o  t h e  monostable pulse  widths .  

In  o t h e r  words, 2s n e t  p o s i t i v e  o r  

There a r e  two inpu t s  t o  capac i to r s  C 1  and C2: t h e  noise  
ou tpu t  from the  s i g n a l  preampl i f ie r  and t h e  e a r t h  pulse .  The noise  
a lone,  s i n c e  it i s  random i n  na tu re ,  has  a p r o b a b i l i t y  of  0.5 of 
producing e i t h e r  a p o s i t i v e  o r  a nega t ive 'pu l se .  The e r r o r  s i g n a l  
der ived frorn t h e  e a r t h  pulse ,  i f  Yneye w e r e  no noise ,  has  a proba- 
b i l i t y  of 1 of producing a negat ive o r  a p o s i t i v e  pulse ,  depending 
on whether o r  n o t  t he  roonostable on-tiwes are too  long or too  s h o r t .  
Combining the  two e f f e c t s ,  t h e  proba.biTity of counting i n  t h e  
proper direct j -on t o  nul l -out  t h e  e r r o r  s i g n a l  i s  0 . 5  +- A(S/N) , while  
t h e  p r o b a b i l i t y  of counting i n  t h e  oppos i te  d i r e c t i o n  i s  0 .5  - A ( S / K ) ,  
where S/N i s  the  s ignal- to-noise  r a t i o  a f t e r  i n t e g r a t i n g  by R1 and 
C l  and R2 and C2 ,  and A i s  a func t ion  of S/N. 



C a l c u l a t i o n s  for  a 1-degree s tep  change i n  a s p e c t  ang le  a t  
5 x 10 7 n.mi. r e s u l t e d  i n  the fol lowing:  

P r o b a b i l i t y  of count ing  ir, d i r e c t i o n  t o  n u l l -  
o u t  error = 0 .5  i (0.38) (0 .354) .  

P r o b a b i l i t y  of count ing  i n  o p p s i t e  d i r e c t i o n  
= 0.5  - ( 0 . 3 8 )  (0.354) e 

If t h e  sample r a t e  i s  one sample per second, t h e  t o t a l  number of 
samples needed t o  n u l l - o u t  t h e  1-degree error i n  1000 seconds i s  
1000 samples, Therefore ,  w i t h  a coun t  g r a n u l a r i t y  i n  t h e  l a s t  9 
b i t s  of 0 . 1  deg ree  pe r  count ,  t h e  fo l lowing  equa t ion  for  t h e  number 
of b i t s  needed i n  the b u f f e r  can be so lved  ( n  L- number of b u f f e r  
b i t s )  : 

(10)2n  = 1000 L0.5 i- (0.38) (0.354.) 1 - 'i0.5 - (0 -38)  (0.354) I ]  

= 1000 f.2(0,38) (0.354) 1 

= lOOO(0.269). (14) 

Thus, 2 n  = 269/10 zz 2 7 .  
. .  

The i n t e g e r  v a l u e  of n t h a t  w i l l  g i v e  the va lue  c losest  t o  27 is 5 ,  
and 2 5  = 32. va iue  of 2n  i s  32 i n s t e a d  of 2 7 ,  
the number of samples needed t o  n u l l - o u t  t h e  1-degree e r r o r  i s  
g r e a t e r  t h a n  1000. L e t  X = the t o t a l  number of  samples r e q u i r e d  t o  
produce a. n e t  coun t  of 10 ( z 5 )  = 320, or  

S i n c e  the r e a l i z a b l e  

X(0.263) = 320 .  (15)  

320 
0.269 x =  

= 11.90 samples a t  one sample per second. 

T h i s  g i v e s  a n  e f f e c t i v e  t i m e  c o n s t a n t  of 1190 seconds.  S ince  the 
system t ime-cons tan t  requi rement  i s  1000 seconds,  1190 seconds is  
m o r e  t h a n  adequate .  



V I .  TESTING 

A .  Tes t inq  of C i r c u i t s  

The var ious  s e c t i o n s  of t h e  e l e c t r o n i c  c i r c u i t r y  w e r e  bread- 
boarded and t e s t e d  i n d i v i d u a l l y ,  and necessary changes i n  t h e  
design w e r e  made throughout. t h e  work. The servo loops w e r e  t e s t e d  
using an a d j u s t a b l e  ear th-sun s i g n a l  s imulator  b u i l t  e s p e c i a l l y  
f o r  t h i s  purpose. This  e a r l y  t e s t i n g  demonstrated t h a t  t h e  system 
could search  for, f i n d ,  and lock on a simulated e a r t h  s i g n a l .  

Two types  of d i f f e r e n t i a l  p reampl i f i e r s  w e r e  designed, bread- 
boarded, and t e s t e d  wi th  th6  photovol ta ic  d e t e c t o r .  One used a 
conventional PNP-type t r a n s i s t o r ;  t he  o t h e r  used a f i e l d  e f f e c t  
t r a n s i s t o r .  I n  a d d i t i o n  t o  t h e  l abora to ry  t e s t i n g ,  a computer 
program was developed f o r  comparing t h e  performance c h a r a c t e r i s t i c s ,  
under var ious  ope ra t ing  conditions,  of t h e  d i f f e r e n t  t r a n s i s t o r s  
considered f o r  t h e  p reampl i f i e r .  A s  a r e s u l t  of t h e  t e s t i n g  and 
t h e  computer a n a l y s i s ,  a f i e l d  e f f e c t  t r a n s i s t o r  w a s  chosen f o r  use 
i n  t h e  d i f f e r e n t i a l  i npu t  s t age .  

Ear ly  t e s t i n g  of t h e  servo loops had used s imulated e a r t h  
s i g n a l s  t h a t  w e r e  e s s e n t i a l l y  noise  f ree .  The servo  loops and the  
s i g n a l  preampl i f ie r  w e r e  then i n t e g r a t e d  and ' subjec ted  t o  tests 
with a s imulated e a r t h  s i g n a l  approximately equiva len t  t o  t h a t  
from t h e  f u l l y  i l l umina ted  e a r t h  a t  10 i< l o 6  n.mi. S a t i s f a c t o r y  
opera t ion  was demonstrated i n  t h e  presence of noise .  The search  
and a c q u i s i t i o n  func t ions  w e r e  next  i n t e g r a t e d  i n t o  t h e  bread- 
board. T e s t s  a t  t h i s  s t a g e  showed t h a t  t h e  system w a s  capable  of 
searching f o r ,  acqu i r ing ,  and t r ack ing  a simulated e a r t h  s i g n a l  
( f u l l y  i l lumina ted)  a t  10 x 106 n.mi. i n  t h e  presence of no ise .  

A t  t h i s  p o i n t ,  one a m p l i f i e r  was d e l e t e d  from t h e  system, t h e  
track-check Schmitt t r i g g e r  was added t o  provide a h igher  search  
r a t e  f o r  t h e  p o s i t i o n  servo,  a shaping network was incorpora t ing  
preceding t h e  f i l t e r i n g  and amplifying of t h e  ou tpu t s  of mono- 
s t a b l e s  3 and 4 ,  and an "and" g a t e  was added t o  prevent  t he  * 

p o s i t i o n  servo  from locking on sub-multiples of t h e  s p i n  r a t e .  
All of these  c i r c u i t s  w e r e  t e s t e d ,  b u t  only t h e  shaping network 
was i n t e g r a t e d  i n t o  t h e  breadboard. 

A s  has been discussed,  it was found t h a t  dc o f f s e t s  i n  t h e  
system i n t e g r a t i n g  a m p l i f i e r s ,  r a t h e r  t h a n - n o i s e ,  w e r e  t h e  l i m i t i n g  
f a c t o r  so f a r  a s  opera t ing  range was.concerned. Several  a m p l i f i e r s  
had been s tud ied  f o r  use as t h e  i n t e g r a t i n g  a m p l i f i e r s ,  b u t  a11 
w e r e  found d e f i c i e n t  with r e spec t  t o  d r i f t  c h a r a c t e r i s t i c s .  A 
c i r c u i t  f o r  a s e l f - c a l i b r a t i n g  ampl i f i e r  t h a t  o f f e r e d  promise of 
minimizing dc d r i f t s  was designed and breadboarded, b u t  t e s t i n g  
demonstrated t h a t  an a m p l i f i e r  design t h a t  could s a t i s f y  t h e  
requirement of t h e  EAS d id  no t  appear r e a l i z a b l e .  A s  another  
approach t o  s o l u t i o n  of t h e  d r i f t  problem, t h e  p o s i t i o n  and 
width i n t e g r a t i n g  a m p l i f i e r s  of t h e  e a r l i e r  design w e r e  replaced 
by a d i g i t a l  i n t e g r a t o r .  This system was p a r t i a l l y  breadboarded 



and t e s t e d ,  w i t h  r e s u l t s  i n d i c a t i n g  t h a t  t h e  des ign  could. s a t i s f y  
t h e  system ra.nge g o a l  o f  o p e r a t i o n  a t  5 x lo7 n.mi, 
c i r c u i t  w a s  t hen  i n t e g r a t e d  i n t o  t h e  breadboard i n  p r e p a r a t i o n  f o r  
s y s  t e m  t e s t i n g .  

T h i s  new 

B. System T e s t i n q  

T e s t i n g  of t h e  c o h e r e n t  system breadboard w a s  performed w i t h  
t h e  t es t  s e t u p  shown i n  F i g u r e  4 2 ,  u s ing  e l e c t r o n i c a l l y  s imula ted  
s i g n a l s .  The purpose of t h i s  t e s t i n g  w a s  t o  demonstrate  performance 
c a p a b i l i t y  wi th  s i g n a l  i n p u t s  approximating t h o s e  expec ted  a t  
5 x LO7 n.mi. 
l a t e d  because t h e  o u t p u t  of  t h e  e a r t h - p u l s e  g e n e r a t o r  cou ld  be 
a t t e n u a t e d  t o  any d e s i r e d  leve l .  The n o i s e  l e v e l  a t  t h e  s i g n a l -  
p r e a m p l i f i e r  o u t p u t ,  however, was n o t  q u i t e  as h igh  a s  w i l l  be 
seen  when -;he o p t i c s  and e l e c t r o n i c s  are i n t e g r a t e d .  T h i s  was due 
p r i m a r i l y  t o  t h e  f a c t  t h a t  t h e  s i g n a l  w a s  e l e c t r o n i c a l l y  s imula ted  
and t h e r e f o r e  t h e  n o i s e  t h a t  would normally be c o n t r i b u t e d  by t h e  
s i l i c o n  p h o t o v o l t a i c  d e t e c t o r  was n o t  p r e s e n t .  

The e a r t h - p u l s e  ampl i tude  cou ld  be a c c u r a t e l y  s i m u -  

T o  determine how w e l l  t h e  system cou ld  measure t h e  e a r t h - p u l s e  
wid th ,  and t h e r e f o r e  a s p e c t  a n g l e ,  t h r e e  p o i n t s . w e r e  monitored: 
t h e  una t t enua ted  e a r t h  p u l s e ,  t h e  o u t p u t  of monostables 3 and 4 ,  
and t h e  a spec t - ang le  ou tpu t  v o l t a g e .  Durino- normal o p e r a t i o n ,  i t  
i s  necessary  t o  monitor  on ly  t h e  ang le  o u t p u t  v o l t a g e  t o  determine 
a s p e c t  ang le .  For t e s t i n g ,  however, t h e  e a r t h - p u l s e  and mono- 
stable waveforms w e r e  monitored t o  provide  a check on system 
accuracy.  By t e s t i n g  i n  t h i s  manner, i f  a change occur s  i n  t h e  
ang le  o u t p u t  v o l t a g e ,  t h e  e a r t h - p u l s e  and monostable waveforms 
can  be checked t o  see i f  t h e  v o l t a g e  change i s  due t o  a n  e r ror  
i n  the s y s t e n  or i s  i n s t e a d  due t o  a change o r  mal func t ion  i n  t h e  
s i m u l a t o r  c i r c u i t r y .  

When t h e  t e s t  was performed, t h e  fo l lowinq  s i m u l a t o r  and c i r c u i t  
w e r e  pre-set and remained unchanges throughout  t h e  t e s t :  

Funct ion  g e n e r a t o r  f requence = 1 c p s ,  t o  s i m u l a t e  
a s p i n  rate of  1 rps. 

Ear th-pulse  d u r a t i o n  = 40 m s ,  t o  s i m u l a t e  a n  
approximate aspec t -angle  n u l l  c o n d i t i o n .  

Ear th-pulse  ampli tude i n t o  s i g n a l  a m p l i f i e r  = 4 KV, 
t o  s i m u l a t e  a 5 y lo7 n.mi. earth.  

S c a l e  f a c t o r  of  aspec t -angle  o u t p u t  v o l t a g e  = 350 mV/deg. 

PreampLif ier  g a i n  = 7 i< 10 . 
Peak e a r t h  s i g n a l  f r o m  p r e a m p l i f i e r  = 2 8  n-V 
( n o t  d i s t i n g u i s h a b l e  because of no i se )  . 

Wideband peak-to-peak n o i s e  from p r e a m p l i f i e r  = 1 . 2  5 7 .  
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A t  t h e  beginning of t he  t e s t ,  a f t e r  a p p l i c a t i o n  oE power, t h e  
system s u c c e s s f u l l y  demonstrated i t s  a b i l i t y  t o  search  f o r  and 
acqui re  t h e  e a r t h  pulse  and t o  supply a track-check s i g n a l  t o  
i n d i c a t e  t h a t  t h e  e a r t h  pulse  had been acquired.  A f t e r  ear th-pulse  
a c q u i s i t i o n ,  the s t r i p  c h a r t  recorder  was connected t o  t h e  aspec t -  
angle  ou tpu t  and t h e  performance of t h e  width servo  and t h e  angle 
output  ampl i f i e r  was observed and recorded. 

System accuracy was t e s t e d  cont inuously f o r  approximately 18 
hours.  During t h i s  i n t e r v a l  , t h e  system measured t h e  ear th-pulse  
width t o  w i t h i n  -0.1 t o  -0.5 degree; t h i s  appeared as a v a r i a t i o n  
i n  angle ou tpu t  vo l tage  of 150 mV peak t o  peak. Figure 43 is  a 
4X-nour s e c t i o n  oE t h e  18-hour s t r i p  c h a r t  record ,  showing t h e  
peak-to-peak excursion of t h e  ou tpu t  vo l tage  and a l s o  t h e  35-mV 
r i p p l e  component. 

A photograph of t h e  system breadboard i s  shown i n  F igure  44. 
\ 

C .  -- Tarqe t  Simulator 

The t a r g e t  s imula tor  c o n s i s t s  b a s i c a l l y  of 8 l a r g e ,  p lane ,  
f ron t - su r face  mir ror  moun$ed on a t u r n t a b l e .  
t ioned  i n  f r o n t  of  t h e  EAS a p e r t u r e  and r o t a t e d ,  by means of t h e  
t u r n t a b l e ,  about an a x i s  perpendicular  t o  t h e  EAS l i n e  of s i g h t .  
A scan of t h i s  type limits t h e  azimuth range over which t h e  EAS 
cari view simulated t a r g e t s  t o  cons iderably  less than  360 d.egrees 
(about 105  degrees  i n  t h e  p r e s e n t  u n i t ) .  I t  might be supposed 
t h a t  an i n c l i n e d  mir ror  r o t a t i n g  about an a x i s  p a r a l l e l  t o  t h e  
sensor  l i n e  of s i g h t  would be b e t t e r ,  s ince  it c o ~ l d  g ive  a 360- 
degree azimukh sweep. I n  t h i s  mode, however, t h e  d i r e c t i o n  of 
t r a v e l  of t h e  t a r g e t  image ac ross  the  sensor  r e t i c l e  would vary 
a s  a func t ion  of azimuth p o s i t i o n  and would t h e r e f o r e  be e n t i r e l y  
unsu i t ab le .  

The mirror  is  pos i -  

The major mechanical component of t h e  s imula tor  is  t h e  t u r n -  
t a b l e ,  which i s  sea t ed  i n  a 9-inch-diameter bear ing  t r a c x .  T h e  
t a b l e  i s  dr iven  by a 30-rps synchronous motor. T h e  primary d r i v e  
wheel, mounted on t h e  motor shaEt ,  t r ansmi t s  t he  r o t a t i o n  t o  t h e  
speed-change w h e e l  on t h e  t u r n t a b l e  d r i v e  s h a f t .  The f i n a l  d r i v e  
wheel, mounted on  t h e  top end of t h i s  s h a f t ,  d r i v e s  t h e  . tu rn tab le .  
T h e r e  a r e  t h r e e  interchangeable  wheels t o  provide t h r e e  d i f f e r e n t  
speeds: 0.25, 2 ,  and 5 rps .  The motor i s  pivot-mounted t o  accom- 
modate the  d i f f e r e n t  wheel s i z e s .  A photograph of  t h e  completed 
u n i t  is shown i n  Figure 45. . 

The t a r g e t s  themselves w i l l  c o n s i s t  of f i l t e r s  p laced  over c i r -  
c u l a r  a p e r t u r e s  behind which w i l l  be l i g h t  sources .  I n  add i t ion  t o  
the  r e d  f i l t e r s  purchased f o r  t h e  sensor  i t s e l f ,  some b l u e  f i l t e r s  
w e r e  ob ta ined .  Thus ,  it w i l l  be p o s s i b l e  t o  genera te  b l u e ,  r e d ,  
and white t a r g e t s  t o  q u a l i t a t i v e l y  s imula te  t h e  e a r t h  and t h e  p l a n e t s .  

T h e  t u r n t a b l e  was f a b r i c a t e d ,  assembled, and t e s t e d ,  and found 
t o  ope ra t e  success fu l ly .  However, an eva lua t ion  of  t he  e n t i r e  s i m u -  
l a t o r  cannot be made s i n c e  t h e  ~ r o q r a m  was terminated before  t es t s  

= , * = - - - e n - ;  
. .  c(-J;-7ld '>s m - . -  Lu..,,,,L, 4 - - - - 3 *  or t h e  c ; l ; Y i Z C ? l  he32 i.-csrr:tz?. -tii.cl? LF.3 ,: _ _ _ _  -_  -cs 
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V I I .  MAJOR REMAINING TESTING AND DESIGN TASKS 

The  k e s t i n g  t h a t  was done wi th  t h e  system breadboard e l e c t r o n i c s  
proved t h e  f e a s i b i l i t y  o f  t h e  coherent  s igna l -p rocess ing  approach. 
The nex t  l o g i c a l  s t e p ,  had t h e  e f f o r t  cont inued ,  would have been t o  
i n t e g r a t e  t h e  e l e c t r o n i c  breadboard w i t h  t h e  o p t i c a l  head and con- 
d u c t  system tes t s ,  u s i n g  t h e  t a r g e t  s i m u l a t o r  b u i l t  f o r  t h a t  purpose 
( r e f .  F igu re  45)  . This  t e s t i n g  would demonstrate t h e  f e a s i b i l i t y  
of t h e  complete system, a s  w e l l  a s  t h a t  of t h e  op t ica l  approach, i n  
p a r t i c u l a r  t h e  " b l u e  minus red"  t a r g e t - d i s c r i m i n a t i o n  method. I n  
a d d i t i o n ,  t e s t i n g  o f  t h e  system a s  a whole would provide  informa- 
t i o n  f o r  a more accurate p r e d i c t i o n  of how w e l l  t h e  system would 
perform i n  an a c t u a l  f l i g h t  environment. 

packaging des ign ,  and 2 )  op t imiz ing  and r e f i n i n g  t h e  e l e c t r o n i c  
c i r c u i t  des ign  f o r  o p e r a t i o n  i n  t h e  space environment.  
r e d u c t i o n s  could be made i n  t h e  p a r t s  coun t ' and  e l e c t r o n i c  packag-e 
s i z e  by us ing  t h e  new m u l t i f u n c t i o n  l o g i c  c i r c u i t s  now a v a i l a b l e  
i n s t e a d  of  t h e  s ing le - func t ion  c i r c u i t s  used i n  t h e  breadboard. 
i s  p a r t i c u l a r l y  t r u e  i n  t h e  case of t h e  up-down coun te r s  i n  t h a t  t h e  
2 6  TO-5 cans needed f o r  a 1 3 - b i t  c o u n t e r  could  be rep laced  w i t h  f o u r  
m u l t i f u n c t i o n  f l a t  packs.  

From a des ign  s t a n d p o i n t ,  t h e  major t a s k s  remaining a r e  1) t h e  

S i g n i f i c a n t  

This  

Q u a n t i c  I n d u s t r i e s ,  I n c . ,  
E l e c  t r o  -Opt ica l  D iv i s ion ,  

1011 Commercial S t r e e t , .  
San Car los ,  C a l i f o r n i a ,  1 June 1.968. 
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DEFINITION OF D3: 

D* ( c a l l e d  D - s t a r !  i s  de f ined  as t h e  d e t e c t i v i t y  normalized 
t o  u n i t  area and u n i t  bandwidth. D e t e c t i v i t y  is t h e  s igna l - to -  
n o i s e  r a t i o  produced w i t h  u n i t  r a d i a n t  f l u x  i n c i d e n t  'in t h e  
d e t e c t o r .  

T h e  u n i t s  of D* are c m - c p s 1 / 2 / w a t t .  For m o s t  detector types ,  
t h e  d e t e c t i v i t y  of a g iven  d e t e c t o r  i s  r e l a t e d  t o  D* as fo l lows:  

I 

where D = d e t e c t i v i t y  (watt- '),  
2 

A = d e t e c t o r  area ( c m  ) ,  

' A f  = bandwidth (cps) e 

D*mm i s  de f ined  as D A  a t  t h e  peak wavelength,  t h e  optimum 
bias  va lue ,  and t h e  peak d e t e c t i v e  modulation frequency.  

The n o t a t i o n  D* ( A  , f , A f )  used i n  t h i s  r e p o r t  i s  de f ined  as D* 
P 

a t  wavelengths of peak response ,  a modulation frequency f ,  and a 
bandwidth A f  = 1. 

For d e t a i l e d  d e f i n i t i o n s  o f  t h e s e  a.nd r e l a t e d  d e t e c t o r  t e r m s ,  
see r e f e r e n c e  15.  

-4 
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SPE CI FI CAT I O  lj APPENDIX B 
NO. 543F0514FOS4 

MULTIPLIER 
PHOTOTUBE 

RIODEL 543F-05-14 
/ 

MULTIPLIER 
PHOTOTUBE 

RIODEL 543F-05-14 
/ 

The E X T t  Node! 513F-05-14 ASCOP Multiplier Phototube is a n  end-on, sapphire win- 
don- tube with- 1-1 stages and a 1.7-inch-diameter cesium telluridc photocathode. The 
spectral sensitivity of this tube estends from 1450 A, the cutoff of the szlected ultra- 
violet-grade sapphire, to  the photocathode threshold a t  approximately 3.500 A, a broad- 
band response characteristic exhibiting good long-waveleiigth rejection. Tubes with this 
response characteristic which are very sensitive to the short wavelength. region but are 
insensitive to  longer wavelength solar radiation through the atmosphere are referred to 
as SOLAR BLIND. This tube is custom-made, individually tested and calibrated, and 
delivered with complete test-data sheets for all major performance parameters. 
The 43-mm-diameter meful cathode of the Model 543F-05-14 has a typical quantum 
eficiency of 6.57; at 2537 A, and a typical rooix-temperature dark cuxent  of 7 x 
ampere at a multiplier gairi of 106. Operating tempernture is limited only by the photo- 
cathode, which is rated to +lGO0C. The tube fentiires a unique design of venetian-blind 
dynodes and c? hatd-glass Kox-ar ring construction in ;Ln encapsuhted package and is 
capable of withstanding 50 g shocks cf 11-millisecond duration. 
Interstage resistors are potted with the tube in a fiberglass housing 75&, inches long and 
2 irxhes in diameter. These resistors zre welded to the Kovxr rings prior to potting; 
insulation problems are elin;inated and the result. is a resistor-chain rnounticg that  is as 
rugged as the tube itself. Unless specified otherviise, 3.3-megohni resistors are used 
and the phototube is supp’,iec? as a potted assewbly, with three color-coded leads brought 
out from the rear of the housing, for  signal, cr.thode, 2nd high voltage cor?nectio;is. 

. 



&IOD%I, 513F-05-14 
SPECIFICATION 

PHYSICAL CE:ARACTERZSTICS 
Number and type of dynodes: 14; venetian blind; Ag-&Ig 
Maximum overall length (unpotted) : 6.5 inches (17 cm) 
Typical weight (unpotted) : 190 grams 
Window material : Selected ultrayiolet grade sapphire (81203) 
Cathode sensitive area: 1.7 in. (43 mm) dia.; area = 2.3in.z 
Cathode type : Semitransparent: Cesium Telluride 

PHOTOCATHODE CHARACTERISTICS 
Quantum efficiency (Q) at  2537 A: 
Cathode radiant sensitivity a t  2537 .A (crk): 
Quantum efficiency (Q) at 3500 A: 

m w r i z u m  PHOTOTUBE 
CHARACTERISTICS 
Voltage required for  current 

amplification (G),  ‘of: 

Dark current (iD) at  20°C a t  a 
current amplification of: 

10.5 
106 
107 

105 
106 
107 

Anode radiant sensitivity (0) a t  a cnrrent 

Equivalent anode dark current input at 20°C at  
amplification of 106 @ 2537 A: 

current amplification of 103 - 
R a d i m t  a t  2337 A, : 

amplification of 109 ar. 20°C - 
Equivalent noise input a t  currer,t 

Radiant at 2537 A, ( : 

MKAXIJIUN RATINGS 
Supply voltage: 
Anode current: 
Ambient temperature: 

ENV13llONJIEXTXL 
Shock: 
Vi’oration: 
Temperature: 

PACK A G IS Cr 

Potted weight (typicat) : 

\Xinizt urn 
4.5 
0.009 

9,000 

--- 
Typical 

6.5 
0.013 
0.045 

-I_ 

1800 
2400 
3000 

9.0 x 10-12 
7.0 s 10-1’ 
6.0 x 10-10 

13,000 

5.4 Y 10-15 

3.6 x 10-16 

Xas imum 

0.09 

2100 
2800 

6 x 10-10 

6.0 x 10-1g 

1.5 x 10-1; 

360’0 
100 
100 -- 

Units 
% 

amp/watt 
% 

volts 
volts 

I voIts 

amps 
am-ps 
amps 

WVettS 

wat ts  

volts 
parnps 

“C 

50 g ,  11 millisecond duration 
20 g ,  20 to 3,000 cps 
-55‘C l o  1o03c, 
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MODEL 543F-0.5-1-i 
SPEC IF1 CAT1 0 S 

EMR ira 

F I G U R E  1. 

CHARACTEI:iS'rICS 
The typical queiitum eRciency (emitted 
electrons per incident photon) is given as 
a function of wavelength in Xn,,t mq roms. 
Also shown are  the nlinirnurn peak sensi- 
tivity and the rnnximum iong-:vavelength 
response. 

SPECTRAL msroxm 

F I G U R E  2 
CUR R E ST 
ASIPLI FIC=ITIOT 
The dependence of current zmp!ifisation 
on voltage is shown for  the csmplete 
tube, from photocathode to las t  dynode. 
Curves are git-en for. typical an2 miiii- 
mum tube performance. 



RI 0 DE I, 543 I?- 05 - 14 
S P E CI F I CAT I 0 N 

1.2 0 

FIGURE 3 F U SCT IO N-4 L D I AG R -431 

EFFECTIVE 
PHOTDCATHOSE 

OUTLIXE DRAWISG FIGURE 1 

FIGURE 5 



APPEhQIX C 

OPTICAL CONCEPTS BASED ON PULSE-WIDTH MEASUREMENT 

The evo lu t ion  of t h e  pulse-width o p t i c a l  concept f i n a l l y  
s e l e c t e d  f o r  d e t a i l e d  design i s  sketched b r i e f l y  h e r e .  The var ious  
approaches d i f f e r  p r imar i ly  i n  t h e  conf igura t ion  of t h e  d e t e c t o r  
a r r a y .  

1. Three-Substrate Spl i t -Rectanqle  Array 

The f i r s t  concept,  t h a t  proposed p r i o r  t o  i n i t i a t i o n  of 
t h e  EAS program, envis ioned a d e t e c t o r  a r r a y  of- t h e  conf igu ra t ion  
shown i n  Figure C-1 ,  p laced a t  t h e  f o c a l  plane of a wide-angle l e n s .  
The purpose of t h e  t h r e e  s u b s t r a t e s  se t  a t  angles  t o  each o t h e r  is  
t o  s impl i fy  t h e  l e n s ,  s i n c e  t h e  s u b s t r a t e s  could follow t h e  curved 
su r face  of best focus of t h e  l e n s  selected. fo r  t h e  des ign .  A two- 
segment d e t e c t o r  is formed on t h e  substrates .  A s  t h e  veh ic l e  s p i n s ,  
t h e  images of t h e  e a r t h ,  t h e  mDon, and the  o t h e r  p l a n e t s  sweep ac ross  
t h e  d e t e c t o r  p a t t e r n  from l e f t  t o  r i g h t ,  producing pu l ses  from t h e  
two segments. I f  an image passes  over t h e  e x a c t ' c e n t e r  of t h e  a r r a y ,  
t h e  two segments w i l l  produce pu l ses  of equal  l eng th .  HGWeVer, i f  
t h e  image passes  over t h e  a r r a y  abovc t h e  center ,  t h e  pulse  from t h e  
f i r s t  d e t e c t o r  segment will. be s l i g h t l y  s h o r t e r  than t h e  pu l se  from 
t h e  second d e t e c t o r  segment,. and v i ce  ve r sa .  These pu l ses  a r e  
processed i n  t h e  system e l e c t r o n i c s  (see Appendix D)  , and t h e  r e s u l t -  
ing output  i s  an accu ra t e  l i n e a r  i n d i c a t i o n  of t h e  v e r t i c a l  p o s i t i o n  
of t h e  t a r g e t  image on t h e  d e t e c t o r  a r r a y .  The output  i s  r e l a t i v e l y  
unaf fec ted  by t h e  s p i n  r a t e  oE t h e  v e h i c l e ,  t he  angu1a.r diameter of 
t h e  t a r g e t ,  o r  poor image q u a l i t y  of t h e  l e n s ,  

The major disadvantages of t h i s  approach are t h a t  two 
o p t i c a l  channels a r e  r equ i r ed  ( i . e . ,  two s e t s  of l e n s e s ,  f i l t e r s ,  
housings,  e t c . )  t o  provide f o r  t ransmission i n  the' long and s h o r t  
wavelengths ( r ed  and blue f i l t e r s  w i l l  perform t h i s  func t ion )  , and 
t h a t  co lo r  d i sc r imina t ion  mus t  r e l y  on t h e  d i f f e r e n c e  i n  t h e  outputs  
of two completely sepa ra t e  d e t e c t o r  a r r a y s .  A r e l a t i v e  change i n  
r e spons iv i ty  of t h e  d e t e c t o r s  would r e s u l t  i n  i n c o r r e c t  co lo r  
me a s  ur eme n t . 

2 .  =Detector Array 

The d e t e c t o r  p a t t e r n  f o r  t h i s  approach i s  i l l u s t r a t e d  i n  
Figure C-2a. Five d e t e c t o r  segments form an "X" a t  t h e  f o c a l  plane 
of t h e  l e n s .  A s  t he  veh ic l e  s p i n s ,  t h e  t a r g e t  image crosses the  
d e t e c t o r s  i n  t h e  d i r e c t i o n  i n d i c a t e d ,  prodacing pulses  f o r  s i g n a l  
processing (again see  Appendix D )  I I f  t h e  t a r y e t  image i s  centered  
v e r t i c a l l y  on t h e  "X", p u l s e s  occur s imultaneously from t h e  two l e g s ;  
i f  t h e  image i s  not  cen te red ,  pu l se s  from one l e g  o r  t h e  o t h e r  will 
occur f i r s t .  The t i m 2  d i f f e r e n c e  between the  occurrence of t h e  
pu l ses  provides  a measure of t h e  v e r t i c a l  p o s i t i o n  of t h e  image on 
t h e  d e t e c t o r s .  
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This approach has  t h e  same disadvantages as t h e  th ree -  
s u b s t r a t e ,  s p l i t - r e c t a n g l e  a r r a y  descr ibed  above i n  t h a t  two o p t i c a l  
channels a r e  necessary and two d-etectors  a r e  requi red  f o r  co lo r  
d i sc r imina t ion .  A l s o ,  t h e  a s s o c i a t e d  e l e c t r o n i c  c i r c u i t r y  i s  some- 
what more complex. A n  advantage i s  t h a t  d e t e c t o r  no ise  would be 
somewhat less e 

3 .  - Superimposed-Trianqle Array 

The d e t e c t o r  p a t t e r n  f o r  t h i s  approach i s  i l l u s t r a t e d  i n  
Figure C - 2 b .  Five d e t e c t o r  elements a r e  arranged t o  form two 
t r i a n g l e s  superimposed on each o t h e r .  A s  b e f o r e ,  pu l se s  a r e  pro-- 
duced a s  t h e  t a r g e t  image passes  a c r o s s  t h e  d e t e c t o r s  during vehicl-e 
s p i n ,  t h e  pulse  widths varying with t h e  v e r t i c a l  l o c a t i o n  of t h e  
image c ross ing .  Again, t he  d i f f e r e n c e  between t h e  pu l se  widths is  
a measure of t h e  v e r t i c a l  p o s i t i o n  of t h e  irnage on. t h e  d e t e c t o r s .  

This  approach has  a s l i g h t  advantage over t h e  th ree -  
s u b s t r a t e ,  s p l i t - r e c t a n g l e  approach i n  t h a t  a change i n  targ-et-image 
s i z e  in t roduces  no n u l l  e r r o r  whatever. However,. i n  a d d i t i o n  t o  t h e  
somewhat more complex d e t e c t o r  p a t t e r n ,  it h a s  t h e  same b a s i c  
disadvantage of r e q u i r i n g  t w o  o p t i c a l  channels and. two d e t e c t o r s  f o r  
co lo r  d i sc r imina t ion .  A s  wi th  t h e  X-detector a r r a y ,  t h e r e  is some 
a d d i t i o n a l  e l e c t r o n i c  complexity. 

4 .  Pri-t2proach 

This concept was genera ted  i n  an e f f o r t  t o  provide co lo r  
d i sc r imina t ion  wi th  a s i n g l e  d e t e c t o r  and t o  e l imina te  t h e  need f o r  
two sepa ra t e  o p t i c a l  channels .  I n  t h i s  approach (see  Figure C-3)  , 
two prisms a r e  pos i t i oned  immediately i n  f r o n t  of t h e  o b j e c t i v e  l e n s ,  
one prism bear ing  (or  having ad jacen t  t o  it) a b l u e  f i l t e r  and t h e  
o t h e r  a red f i l t e r .  A d e t e c t o r  a r r a y ,  which can be a s p l i t - r e c t a n g l e  
or any of t h e  o t h e r  p a t t e r n s  descr ibed  above, i s  placed a t  t h e  f o c a l  
plane of t h e  o b j e c t i v e  l e n s .  I n s t ead  of a s i n g l e  t a r g e t  image 
swee-ping ac ross  t h e  d e t e c t o r  a r r a y ,  two images w i l l  c ros s  t h e  a r r a y  
i n  sequence, one r ed  and one b l u e .  This arrangement provides  both 
a spec t  and co lo r  information from a s i n g l e  a r r a y .  The two images 
mus t  be s u f f i c i e n t l y  sepa ra t ed  t h a t  t he  f i r s t  image w i l l  be o f f  t h e  
d e t e c t o r  before  t h e  second one s t a r t s  a c r o s s .  

A s  a l r eady  noted,  t h i s  approach has  t h e  advantages of 
r e q u i r i n g  only  one o p t i c a l  channel and a s i n g l e  d .e tector .  The f i r s t  
advantage w i l l  r e s u l t  i n  reduced system s i z e  and weight.  The second 
advantage w i l l  provide t h e  same d e t e c t o r  r e spons iv i ty  and thus  c o r r e c t  
co lo r  measurement. 

This approach h a s  two disadvantages.  F i r s t ,  t h e  minimum 
angle  of s epa ra t ion  between t h e  t a r g e t  and i n t e r f e r i n g  t a r g e t s  i s  
g r e a t e r  than with the  t h r e c - s u b s t r a t e ,  s p l i t - r e c t a n g l e  approach. 
Second, s ince  c o l o r  information is  p resen t  i n  s equen t i a l  r a t h e r  than 
simultaneous s i g n a l s  , t h e  complexity of t he  e l e c t r o n i c s  i s  somewhat 
increased .  
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5 .  Separate-Color-Detector Approach 

This  approach e l i m i n a t e s  t h e  need f o r  prisms while s t i l l  
using only  a s i n g l e  o p t i c a l  channel.  A d e t e c t o r  a r r a y  i n  t h e  form 
of a s p l i t  r ec t ang le  bounded by a b lue  and a red  f i l t e r  is  placed 
a t  t h e  f o c a l  plane of t h e  o b j e c t i v e  l e n s  (see Figure C - 4 ) .  A s  t h e  
t a r g e t  image sweeps ac ross  t h e  d e t e c t o r  a r r a y ,  pu l se s  a r e  generated 
f o r  processing t o  i n d i c a t e  a spec t  angle  by measuring pu l se  width 
i n  t h e  same manner a s  f o r  t h e  approaches a l r eady  descr ibed.  
a d d i t i o n ,  a s  t h e  t a r g e t  image sweeps f i r s t  ac ross  t h e  b lue  and then  
a c r o s s  t h e  red  f i l t e r ,  r a d i a t i o n  is  t r ansmi t t ed  and condensed onto 
a sepa ra t e  co lo r  d e t e c t o r ,  which co inc ides  with t h e  image of t h e  
o b j e c t i v e  l e n s  formed by t h e  condensing l e n s .  Thus two pulses  a r e  
generated i n  sequence on t h e  co lo r  d e t e c t o r ,  and t h e  r e l a t i v e  pu l se  
amplitude i s  a measure of t a r g e t  co lo r .  

I n  

Again t h e  advantages a r e  only one o p t i c a l  channel,  with 
co lo r  information a v a i l a b l e  on one d e t e c t o r  i n s t e a d  of s epa ra t e  
d e t e c t o r s .  In  a d d i t i o n ,  aspect-angle  s igna l - to-noise  r a t i o  i s  
h ighe r  than  with t h e  t h r e e - s u b s t r a t e ,  s p l i t - r e c t a n g l e  approach , 
s i n c e  t h e  o p t i c a l  bandwidth i s  r e l a t i v e l y  wide. 

Disadvantages are t h a t  c o l o r  s i g n a l s  a r e  s e q u e n t i a l ,  
r e s u l t i n g  i n  h igher  e l e c t r o n i c  complexity than  f o r  t h e  three-  
s u b s t r a t e ,  s p l i t - r e c t a n g l e  approach, and minimum angle  of s epa ra t ion  
between t h e  t a r g e t  and i n t e r f e r i n g  t a r g e t s  is s l i g h t l y  increased .  

6. Sinqle-Detector Approach 

Advantages of t h i s  approach a r e  a s i n g l e  o p t i c a l  channel,  
a s i n g l e  d e t e c t o r  r a t h e r  than  an a r r a y ,  and a reduct ion i n  ove r -a l l  
e l e c t r o n i c  complexity over t h e  system with t h e  sepa ra t e  co lo r  
d e t e c t o r .  

The major disadvantage i s  t h a t  t h e  minimum angle  of 
s epa ra t ion  between t h e  t a r g e t  and i n t e r f e r i n g  t a r g e t s  is  g r e a t e r  
than  i n  t h e  t h r e e - s u b s t r a t e ,  s p l i t - r e c t a n g l e  approach. 

This  approach was genera ted  i n  a n  a t tempt  t o  combine t h e  
best f e a t u r e s  of t h e  f i v e  approaches descr ibed  above. A blue and 
a red  f i l t e r ,  shaped as ind ica t ed  i n  Figure C-5 ,  a r e  placed a t  t h e  
f o c a l  plane of t h e  o b j e c t i v e  l e n s .  A condensing l e n s  forms a n  image 
of t h e  o b j e c t i v e  l e n s  on a s ing le  d e t e c t o r .  A s  t h e  t a r g e t  image 
sweeps ac ross  t h e  f i e l d  of view, two pu l ses  are generated i n  t h e  
d e t e c t o r .  The r e l a t i v e  width of t h e s e  pu l ses  i s  a func t ion  of 
a spec t  angle ;  t h e  r e l a t i v e  amplj-tude i s  a measure of t a r g e t  c o l o r .  
To prevent  overlapping of t h e  two s i g n a l s  a t  c lose  d i s t a n c e s  t o  t h e  
target ,  t h e  f i l t e r s  must be s u f f i c i e n t l y  separa ted  t h a t  no image 
over lap  occurs .  

. .  
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7 .  Se l ec t ed  Opt ica l  Concept 

The approach f i n a l l y .  selected f o r  d e t a i l e d  design i s  
descr iged i n  Sec t ion  1V.A. of t h i s  document, with t h e  system i t s e l f  
descr ibed  i n  d e t a i l  i n  Sect ion V.. It i s  t o  some e x t e n t  a combination 
of t h e  s p l i t - r e c t a n g l e  d e t e c t o r  a r r a y  approach ((2.1 above) and t h e  
s ing le -de tec to r  approach ( C . 6 ) .  The s e l e c t e d  system o f f e r s  s e v e r a l  
s i g n i f i c a n t  advantages over t h e  approaches descr ibed  above, F i r s t ,  
on ly  one r e l a t i v e l y  simple o p t i c a l  channel i s  requi red .  Second, 
r a d i a t i o n  i s  completely defocused on t h e  d e t e c t o r s ;  thus  v a r i a t i o n s  
i n  s e n s i t i v i t y  over t h e  d e t e c t o r  su r faces  w i l l  have no e f f e c t  on 
sensor  ope ra t ion ,  s i n c e  only  t h e  average d e t e c t o r  s e n s i t i v i t y  is  
s i g n i f i c a n t .  Thi rd ,  t h e  d e t e c t o r  conf igura t ion  i s  r e l a t i v e l y  simple 
wi th  s tock i t e m s  of t h e  shape s p e c i f i e d  a v a i l a b l e .  Fourth,  e l e c t r o n i c  
complexity i s  less because r ed  and b lue  co lo r  information is  presented 
t o  t h e  e l e c t r o n i c s  simul-taneously r a t h e r  than s e q u e n t i a l l y .  

1 2 9  
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APPENDIX D 

SIGNAL-PROC ESS I N G  C ONC EPTS 

The s ignal-processing concepts r e l a t e d  t o  t h e  var ious  o p t i c a l  
concepts based on pulse-width modulation ( r e f .  Appendix C)  are 
descr ibed f i rs t .  The s i g n a l  processing f o r  t h e  pulse-width- 
modulation approach s e l e c t e d  f o r  d e t a i l e d  design ( r e f .  Sec t ion  IV.A.l) 
i s  of course descr ibed  i n  t h e  body of the r e p o r t  ( r e f .  Sec t ion  1V.B  
and Sec t ion  V . B ) .  

1. Pulse-Width Modulation - 
a. Three-Substrate Spl i t -Rectangle  Array 

Refer  t o  t h e  block diagram, Figure D-1, and the detec- 
t o r  schematic,  Figure C-1.  The outputs  from t h e  two d e t e c t o r s  
(one red  and t h e  o t h e r  b l u e )  a r e  passed through s e p a r a t e  preampli- 
f i e r s  and i n t o  s e p a r a t e  Schniitt t r i g g e r s .  The t r i g g e r i n g  th re sho ld  
on t h e  t r i g g e r s  i s  se t  f a i r l y  low so  t h a t  t r i g g e r i n g  occurs  a t  t h e  
edges of the pu l ses .  The e a r t h  look angle  i s  computed a s  t h e  
f i l t e r e d  d i f f e r e n c e  between t h e  two S c h m i t t  t r i g g e r  ou tputs .  For 
t h e  i d e a l i z e d  case  ( i d e a l  p o i n t  image sweeping ac ross  t h e  d e t e c t o r s  
a% a f i x e d  s p i n  rat .e) , t h e  dc component i n  a Schmitt  t r i g g e r  out-  
pu t  would be p ropor t iona l  t o  pu l se  width and so the d i f f e r e n c e  i n  
t h e  dc components of t h e  Schmitt  ou tputs  would again r ep resen t  
e a r t h  loo!< angle .  I f  the s p i n  ra te  inc reases ,  t h e  pu.lse widtins 
from bckh Schmit ts  would decrease b u t  t h e  pu l se  r e p e t i t i o n  r a t e  
would inc rease  by e x a c t l y  t h e  s a m e  percentage.  The dc component 
i l lerefore  remains unchanged. I f  the s p i n  r a t e  drops below some 
m i n i m u m  va lue ,  r i p p l e  would begin t o  appear i n  t h e  e a r t h  look angle  
output  a t  the s p i n  frequency. However, t h e  dc o r  mean value of t h e  
output  would remain accu ra t e .  If the angular  width of the image 
inc reases ,  a cons t an t  would be added t o - t h e  width of both dekector  
ou tput  pu l se s .  This cons t an t  increment of pu l se  width would cause 
a cons tan t  a d d i t i o n a l  dc t e r m  t o  appear i n  both S c h m i t t  ou tpu t s ,  
b u t  s i n c e  t h e  e a r t h  look angle  i s  computed as t h e  d i f f e r e n c e  i n  
dc outputs  of the .two Schmit ts ,  the a d d i t i o n a l  dc t e r m  would cance l  
o.ut when t h e  d i f f e r e n c e  i s  taken. Again, no e r r o r  w i l l  occur.  

. The width of t h e  two.Schmitt  t r i g g e r  ou tputs  i s  c o m -  
pared by applying t h e  outputs  t o  a d i f f e r e n t i a l  ou tput  ampl i f i e r .  
The vo l t age  appearing a t  t h e  a m p l i f i e r  output  w i l l  be t h e  d i f f e r e n c e  
between the two i n p u t s ,  and hence p ropor t iona l  t o  %be e a r t h  look 
angle  (or  a spec t  a n g l e ) .  

The output  a m p l i f i e r  c o n s i s t s  of a s tandard  dual-  
t r a n s i s t o r  d i f f e r e n t i a l -  i npu t  s t a g e  followed by an i n t e g r a t e d  
c i r c u i t  a m p l i f i e r .  A two-section RC! feedback network minimizes 
d r i f t s  and provides  t h e  necessary f i l t e r i n g .  I n  a d d i t i o n ,  two 
Zene r  diodes and two r e s i s t o r s  form a vol tage  d i v i d e r  i n  t h e  feed- 
back. This d i v i d e r  i s  inope ra t ive  u n t i l  t h e  a m p l i f i e r  output  

1 3 3. 
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exceeds t h e  breakdown l e v e l .  of t h e  Zeners, a t  which t i m e  t h e  ga in  
of t h e  a m p l i f i e r  i nc reases  by the r a t i o  of t h e  two r e s i s t o r s  i n  
t h e  d i v i d e r .  By proper s e l e c t i o n  of t hese  two r e s i s t o r s ,  t h e  
i n c r e a s e  i n  scale f a c t o r  can be made t o  compensate f o r  t h e  decrease 
i n  s c a l e  f a c t o r  caused by t h e  change i n  t h e  i n t e r f a c e  angle  of t h e  
two d e t e c t o r  segments. The result i s  a cons t an t  scale f a c t o r  over 
t h e  f u l l  160-degree range of the sensor .  

Correc t ion  f o r  e r r o r s  introduced by t h e  i l lumina ted  
luna r  su r face  i s  provided by s c a l i n g  t h e  two d e t e c t o r  ou tputs  so 

d e t e c t o r  output, i s  canceled by t h e  b lue  d e t e c t o r  output .  
c a n c e l l a t i o n  of t h e  e a r t h  s i g n a l  a l s o  occurs ,  b u t  s i n c e  the earth- 
s i g n a l  r a t i o  of t h e  two channels i s  d i f f e e e n t  from t h e  lunar-s ignal  
r a t i o ,  t h e  n e t  earth s i g n a l  i s  much l a r g e r .  

. t h a t  when t h e  i l l umina ted  luna r  surface i s  i n  the FOV, t h e  red 
Pa r t i a l  

To e l imina te  e r r o r s  introciuced by the sun i n  the FOV, 

Its t r i g g e r i n g  level i s  set  s o  t h a t  it w i l l  no t  change 
a Schmitt  t r i g g e r  i s  connected d i r e c t l y  t o  the outputs  of Yne 
d e t e c t o r s .  
s t a t e  under any l e v e l  of earth i l l umina t ion ,  but, when t h e  sun 
c r o s s e s  t h e  FOV, t h e  very l a r 7 e  s i g n a l  produced w i l l  t r i g g e r  t h e  sun 

' S c h m i t t .  The sun Schmitt  output  i s . c o u p i e d  t o  t h e  voltage-comparing 
Schmit ts  t o  prevent  t r i g g e r i n g  by t h e  outputs  from t h e  p reampl i f i e r s .  

Hemisphere determinat ion i s  der ived  by inc luding  an 
i n t e g r a t e d - c i r c u i t  b i s t a b l e  mult ivi  b r a t o r  t h a t  i s  placed i n  i t s  
"suri  s ta te"  by t h e  output  from t h e  Schmitt  sun t r i g g e r  2nd i n  i t s  
"earkh s t a t e "  b y  t h e  out.put from e i t h e r  of the voltage-comparing 
Schmitt  t r i g g e r s .  The b i s t a b l e  output  t akes  one form when the 
veh ic l e  s p i n  a x i s  i s  po in t ing  i n t o  one hemisphere and t h e  r eve r se  
form when t h e  s p i n  a x i s  i s  po in t ing  i n t o  t h e  o t h e r  hemisphere, 

- f i l t e r i n g  t h e  b i s t a b l e  ou tpu t ,  a dc l o g i c  l e v e l  i s  e s t a b l i s h e d  
t h a t  t e l l s  which way t h e  s p i n  a x i s  i s  po in t ing ,  thus  determining 
t h e  hemisphere. 

By 

Should d e t e c t o r  d r i f t s  cause marginal opera t ion  of the 
system descr ibed  above, the s i g n a l  processing could be modified 
by e l imina t ing  t h e  Schmitt  sun t r i g g e r  and addiing two i n t e g r a t e d  
Schrnitt t r i g g e r s .  The t r i g g e r i n g  vol tage  would be t h e  d i f f e r e n c e  . 
between the b l u e  and red  d e t e c t o r  ou tputs ,  with t h e  d e t e c t o r  out-  
p u t s  s ca l ed  so t h a t  they would cance l  when t h e  e a r t h  i s  i n  t h e  FOV, 
t hus  prevent ing t r i g g e r i n g  from e a r t h  signa-1s. 
sun o r  t h e  moon enters  the FOV, t h e  Schmit ts  would t r i g g e r  and 
t h e i r  ou tputs  would be used t o  prevent  t h e  voltage-comparing Schmitt  

When e i t h e r  t h e  

. t r i g g e r s  from being switched by t h e  outputs  from t h e  p reampl i f i e r s .  

f i e r ,  which would! provide information on sun look ang le ,  i n  addi- 
t i o n  t o  e a r t h  look angle  and hemisphere. determinat ion.  
look angle  would be der ived  i n  e x a c t l y  t h e  same way as  e a r t h  look 
ang le ,  t h a t  i s ,  by comparing t h e  widths of t h e  two t r i g g e r  ou tputs  

A f u r t h e r  modif icat ion would add another  ou tput  ampli- 

"he sun 

. .  
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i n  a d i f f e ren t i a l - inpu t  feedback amplif ier .  This configurat ion 
i s  a t t r a c t i v e  i n  t h a t  a separate  s u n  sensor could be eliminated 
or  replaced by another ear th-solar  aspect  sensor ,  thus providing 
redundancy and correspondingly grea te r  r e l i a b i l i t y .  

b. X-Detector Array and Superimposed-Triangle'Array 

Refer t o  the  de tec tor  schematic, F igure  C-2, Although 
the s igna l  processing f o r  these two ar rays  i s  s i m i l a r  t o  t h a t  f o r  
the  sp l i t - r ec t ang le  a r r ay  j u s t  discussed ( r e f .  Figure D - l ) ,  it i s  
somewhat more complex because i n  each case one segment of the 
a r r ay  i s  common t o  both channels. 

I n  the  case of the X-detector a r r ay ,  the  de tec tors  
a r e  connected t o  two preamplif iers  such t h a t  one of the preampli- 
f iers  receives  inputs  f r o m  one l eg  of the X while the o ther  
receives  inputs  from the  other  leg.  The preamplif ier  outputs a r e  
appl ied t o  Schmitt tri 'ggers such t h a t  a s ta te  change i s  caused by 
passage of the earth-image leading edge over the de tec tors .  The 
outputts of the two Schmitts then t u r n  a f l i p - f l o p  on and o f f ;  the  
duty cycle  of the f l i p - f lop  i s  a measure of earth-image locat ion 

A n  addi t iona l  t r i g g e r  monitors which 
of the  two legs  i s  crossed f i r s t  and thus cont ro ls  the polarit17 

I n  the  case o f  the  superimposed-triangle a r ray ,  the 
f i v e  de tec tors  a r e  connected t o  two preamplif iers  such t h a t  one 
receives  s igna l s  from the three  de tec tors  forming one t r i -angle  
while the other  receives  s igna l s  from the  three  de tec tors  forming 
t-he 'oeher t r i a n g l e .  (As  can be Seen i n  Figure C - z b ,  the  center  
detector  i s  common t o  the two t r i ang le s . )  The remainder of the 

. s igna l  processing is  i d e n t i c a l  with t h a t  f o r  the X-detector a r ray .  

' independent of spin r a t e .  

of t he  outpv. t.s e 

The coimon detectOK requires  sone signal. and impedance 
matching a t  the detector  outputs.  The r e su l t i ng  addi t iona l  com- 
p l ex i ty  over the e lec t ronics  f o r  the sp l i t - rec tangle  a r r ay  i s  
s ign i f i can t  i n  t h a t  the s igna l  l eve l  i s  reduced. 'This means t h a t  
the  maximum operating range of the X-detector and superimposed- 
t r i a n g l e  a r rays  would be smaller than t h a t  of the sp l i t - rec tangle  
array.  

c ,  -- P r i s m / F i T t e r  Approach 

Refer t o  the  block diagram, Figure D - 2 ,  and the o p t i c a l  
. schematic, Figure C-3 .  T h e  s igna l  processing f o r  t h i s  approach i s  

much the same as t h a t  f o r  the sp l i t - r ec t ang le  sys t em i n  t h a t  the 
pulse  widths of the de tec tor  outputs a r e  compared ind i r ec t ly .  The 
method of t a r g e t  di.scrimination i s  d i f f e r e n t  , however, i n  t h a t  t he  
amplitude of two sequent ia l  pulses  must  be compared t o  determine 
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which t a r g e t  ( e a r t h  o r  p l a n e t s )  i s  i n  view. Since t h e  p u l s e s  a r e  
s e q u e n t i a l ,  t h e  f i r s t  one m u s t  be s t o r e d  u n t i l  t h e  second one occurs .  
I n  a d d i t i o n ,  s t o r i n g  must be done i n  t h e  angle-computing s e c t i o n  
becau‘se the t a r g e t  cannot be i d e n t i f i e d  u n t i l  the second pu l se  
has  occurred. I f  t h e  s i g n a l  i s  from t h e  e a r t h ,  the s t o r e d  i n f o r -  
mation i s  then t r a n s f e r r e d  t o  t h e  d i f f e r e n t i a l  ou tput  ampl i f i e r .  

t r o n i c s  when 

tl - 

The fol lowing sequence of events  occurs i n  the elec- 
a t a r g e t  image passes  over t h e  d e t e c t o r  a r r ay :  

t2 - 

t3 - 

t4 - 

J - . -  

“ 5  

t8 - 

Leading edge of f i r s t  image passes  over  lead ing  edge 
of d e t e c t o r  1. 

Schmit t  t r i g g e r  1 ou tpu t  goes p o s i t i v e ,  opening G1. 

Leading edge of f i rs t  image passes  over lead ing  edge 
of d e t e c t o r  2, 

Schmit t  t r i g g e r  2 output  goes p o s i t i v e ,  opening G2 
and ~ 7 .  

T r a i l i n g  edge of f i r s t  image l eaves  d e t e c t o r  1. 
Schmitt  t r i g g e r  1 output  goes -nega t ive ,  c l o s i n g  G1. 

Leading edge of second image passes  over lead ing  edge 
of d e t e c t o r  1. 

Schmitt  t r i g g e r  1 output  goes p o s i t i v e ,  opening G1. 

m - - :  Ilar:ii?g * edge of LCirSt iiiiaye leaves detector 2. 

Schmit t  t r i g g e r  2 output  goes nega t ive ,  opening G2 
and G7, 

B i s t a b l e  output  goes p o s i t i v e ,  changing S 1  f r o q  
p o s i t i o n  1 t o  p o s i t i o n  2 ,  

Leading edge of second image passes  over lead ing  edge 
of d e t e c t o r  2 .  

Schmitt  
and G7. 

t r i g g e r  2 ou tput  goes p o s i t i v e ,  opening G 2  

T r a i l i n g  edge of second image leaves  d e t e c t o r  1. 

Schmitt  t r i g g e r  1 output  goes nega t ive ,  c l o s i n g  G1. 

T r a i l i n g  edge of second image l eaves  d e t e c t o r  2 .  

Schmitt  t r i g g e r  2 output  goes nega t ive ,  opening G2 
and G 7 .  

B i s t a b l e  output  goes nega t ive ,  r e tu rn ing  S 1  t o  
p o s i t i o n  1. 
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Monostable output  goes p o s i t i v e ,  opening G 5  and G 6 .  

I f  C/R r a t i o  i n d i c a t e s  e a r t h ,  G 3  and G4 open. 

tg - Monostable output  goes nega t ive ,  c l o s i n g  G 3 ,  G4, G 5 ,  
and G 6 .  

All q u a n t i t i e s  s t o r e d  i n  s to rage  blocks are dumped. 

I t  i s  no ted .he re  t h a t  i n  m o s t  of t h e  systems descr ibed ,  
logari thmic amplifiers would be used t o  amplify t h e  d e t e c t o r  out-  
p u t s ,  because of t h e  wide v a r i a t i o n s  i n  s i g n a l  s t r e n g t h  between 
near-ear th  and f a r - ea r th  condi t ions .  I n  o t h e r  words, some s o r t  
of l i m i t i n g  must be done i f  t h e  a m p l i f i e r s  a r e  t o  have s u f f i c i e n t  
g a i n  f o r  weak s i g n a l s  and y e t  no t  s a t u r a t e  on s t rong  signals. 
Logarithmic a m p l i f i e r s  f u l f i l l  t h e  l i m i t i n g  requirement. I n  
a d d i t i o n ,  t h e  amplitude of t h e  output  pu l se  from logari thmic amp- 
l i f i e r s  i s  dependent on t h e  amplitude of t h e  inpu t  p u l s e ,  which 
makes amplitude d i sc r imina t ion  of t h e  arnpiified s i g n a l s  poss ib l e .  

d, Separate-Color-Detector Approacli - __I -. 

Refer t o  t h e  block diagram, Figure D - 3 ,  and t h e  optical .  
schematic,  Figure C-4. Computation of a spec t  angle  and t a r g e t  
d i sc r imina t ion  i n  this system i s  almost i d e n t i c a l  with t h a t  f o r  t h e  . 
wcdge/ f i l t e r  approach j u s t  d i scusscd .  
t h e  add i  tiori of a s e p a r a t e  co los-de tec tor  a n p l i f i e r ,  
of events  i s  s u b s t a n t i a l l y  the same as f o r  the wedge/ f i l t e r  agproacl.1. 

The p r i n c i p a l  d i f f e r e n c e  i s  
The sequence 

Refer -to t h e  block diagram, Figure D-4 ,  and t h e  o p t i c a l  
schematic,  Figure C-5 .  
a s  f o r  t h e  wedge/prism and separate-color--detector  approaches e 
Targe t  d i sc r imina t ion ,  however I 5.s considerably d i f f e r e n t  b&ause 
a two-step ra . t io- taking process  is involved, cons iderably  inc reas ing  
t h e  e l e c t r o n i c  complexity, This  i s  p a r t i c u l a r l y  t r u e  because t h e  
Al/A2 and Bl/B2 blocks a r e  analog devices  and cou.ld be q u i t e  com- 
p l ex  wi th in  themselves i n  order  t o  supply t h e  necessary Etccuracy, 
'The A' / /B '  block i s  t h e  same as t h e  C/D blocks i n  t h e  wedge/prism 
and separate--color-detector  s y s  terns, and aga in  the sequence of 
events  i s  s i m i l a r .  

Aspect angle  i s  computed i n  t h e  same way 

2 Pulse-Amplitude Modulation --- -- 
Refer t o  t h e  block diagram, Figure U-5, and t h e  o p t i c a l  

schematic,  Figure 2 3  (Sect ion 1V.A.). I n  th i s  system, a spec t  
ang le  i s  computed by comparing pu l se  amplitude i n s t e a d  cf pu l se  
width a s  i n  t h e  sys t emdi scussed  above. Targe t  discr imina. t ion,  
however, i s  computed i n  t h e  same way. Although t h e  block diagram 
appears the l e a s t  complex, e l e c t r o n i c a l l y ,  of t h e  systems descr ibed 
thus  far, t h e  a c t u a l  complexity would depend. on t h e  coniplexit-y 
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r equ i r ed  t o  achieve the expo'nential func t ion  i n  t h e  output  c i r c u i t .  
C i r c u i t s  of this  type  can be r e a l i z e d  through t h e  proper  use  of 
ope ra t iona l  a m p l i f i e r s  and diodes.  

3 .  Direct-Digi t ,a l  Concept. 

a. Binary Coded Mask 

Refer t o  t h e  block diagram, Figure D - 6 ,  and the 
schematic,  Fi-gure 24a. This  system, f o r  s m a l l  t a r g e t s ,  i s  r e l a -  
t i v e l y  s i m p l e  e l e c t r o n i c a l l y .  Only four  coded t r a c k s  a r e  shown, 
b u t  t h e  system block diagram rema ins  the same rega rd le s s  of the 
number of tracks. .  

I n  ope ra t ion ,  as the image sweeps ac ross  t h e  f i e l d  
a m p l i f i e r  ampl i f i e s  t h e  outputs  of d e t e c t o r  of view, t h e  eb - e 

segments I, 2 ,  3 ,  and 4. I f  t h e  image passes  over  an unshaded 
a r e a , a  pu l se  i s  genera ted ;  i f  the image passes  over a shaded area, 
t h e  output  remains unchanged. These ind iv idua l  pu l se s  are then 
s t e e r e d ,  by means of a s t e e r i n g  g a t e ,  t o  t h e  s t a g e  of t h e  s h i f t  
r e g i s t e r  corresponding t o  the d e t e c t o r  segment t h a t  produced t h e  
pu l se ;  i . e . ,  t h e  pu l se  from segment I i s  s t e e r e d  t o  r e g i s t e r  s t a t e  I, 
pu l se  2 t o  s ta te  2 ,  e tc .  This  s t e e r i n g ,  o r  commutating, i s  accom- 
p l i s h e d  by amplifying t h e  p u l s e s  from d e t e c t o r  segments 5 ,  6 ,  and. 7 
and using t h e  ampl i f ied  pu l ses  t o  s w i t c h  t h e  eb - er ampl i f i e r  out- 
p u t  t o  successive r e g i s t e r  s t a g e s  a t  t h e  occurrence of each pulse .  

r 

Target  discri .mination i s  accomplished i n  t h e  same 
mirmer as  i n  tAc sp l i t - r ec t . ang le  s y s  L;8iit, &ai i s ,  b y  comparing 
the outputs  of two i d e n t i c a l  d e t e c t o r  a r r a y s  having d i f f e r e n t  
co lored  f i l t e r s  i n  f r o n t  of them. The.comparison i s  made a t  the 
i n p u t  t o  t h e  eb - er a m p l i f i e r .  

small  t a r g e t s .  However, f o r  l a r g e  t a r g e t s  such as a 7-degree e a r t h ,  
the t r a c k  coding becomes r a t h e r  complex and a l a r g e  number o f  
t r a c k s  would be requi red  t o  g ive  t h e  d e s i r e d  accuracy. Also, s i n c e  
a 7-degree t a r g e t  could cover more than one code t r a c k  a t  a t i m e , .  
s epa ra t e  a m p l i f i e r s  would be needed f o r  success ive  t r acks .  

- 

A s  w a s  mentioned be fo re ,  th i s  sys tem works w e l l  f o r  

b, Pulse Counting - -- 
Refer t o  the  bl-ock diagram, Figure D-7 ,  and t h e  schc-- 

rm%i.c,Fiqure 25-5. This  system a l s o  works w e l l  f o r  small t a r g e t s  
and i s  somewhat s impler  than  t h e  coded-mask system. 

When an image sweeps across t h e  sensor  FOV,  a pu l se  
t r a i n  is  generated with t h e  number of pu l se s  being a n  i n d i c a t i o n  of 
a s p e c t  angle .  These pu l ses  a r e  "squared up" i n  a Schinitt t r i g g e r  
and then  d r i v e  a r ipple- through coumter. When t h e  spacecrafk sends 
t h e  prepare-for- i .nterrogat io~ cornnand t o  t h e  senso r ,  t h e  monostable 
opens a g a t e ,  a l lowing the  coui iker  infomiat ion t.o be s e n t  t o  t h e  
s to rage  regis ter .  

1 4 1. 
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Target discr iminat ion i s  accomplished i n  the  s a m e  
way as i n  t he  binary-coded-mask system. 

The pulse-counting system has the s a m e  disadvantage 
as the  binary-coded-mask system . in  t h a t  ne i ther  workswell on la rge  
t a rge t s .  

4. S ta r  Sensor 

Refer t o  the block diagram, Figure D-8 ,  the  o p t i c a l  
. schematic, Figure 25 ,  and the  r e t i c l e  schematic, Figure 2 6 .  A s  

the  vehicle  spins ,  the image of Canopus (when the vehicle  i s  pro- 
per ly  or iented)  w i l l  appear t o  descr ibe a . c i r c u l a r  path around 
the annular r i n g  of t he  r e t i c l e .  The.average duty cycle  i s  a 
funct ion of the  angular dis tance of Canopus off t he  sensor o p t i c a l  
ax i s  (which coincides with the  vehicle  spin a x i s ) .  When the  op t i ca l  
ax i s  i s  aimed a t  the  south e c l i p t i c  pole ,  the Canopus image w i l l  
descr ibe a c i r c l e  14 degrees of€-axis and the  average duty cycle  
w i l l  be 50%- I f  the  axis i s  c lose r  t o  Canopus than 14 degrees,  
the  duty cycle  w i l l  increase,  and when the  ax i s  i s  grea te r  than 14 

, degrees off  Canopus, the  average duty cycle  w i l l  be l e s s  than 50%. 
Alkhough the  average duty cycle  i s  a fuiiction only of the  amgular 
dis tance of Canopus from the  sensor op t i ca l  ax i s  (and vehicle  spin 
a x i s ) ,  the  width of individual  "on" pulses  a t  a given angular 
dis.tance from the  ax i s  va r i e s  as a sinusoidal. funct ion of the  
r e t i c l e  phase (Which w i l l  have a. known phase r e l a t ionsh ip  with 
cont ro l  j e t s  on the  veh ic l e ) .  A s  noted before ,  the r e t i c l e  i l l u s -  
t r a t e d  i n  Figure 2 6  i s  only schematic; an ac tua l  u n i t  would have 
& c x k  1 I ) G  cycles  instead sf-' 1-C. 

The r a d i a l  pos i t ion  of Canop.uus i s  determined by measuring . 
the  second-harmonic content  i n  t he  s igna l  generated by the re t ic le  
modulation of the  s t a r ' l i g h t ,  .This  s igna l  i s  f i r s t  amplified i n  
the  s igna l  preamplif ier  and then phase-detected i n  the second- 
'harmonic phase detect .or.  The phase-detector output i s  then f i l t e r e d  
and scaled i n  t h e  output ampl i f ie r ,  whose output i s  a dc analog 
vol tage proport ional  t o  r a d i a l  pos i t ion  of the image with respect  
to the  vehicle  spin ax i s .  

Spin-phase determination i s  obtained by use Gf the  lock 
loop cons is t ing  of the spin-frequency phase de tec tor  and the 
voltage-controlled mult ivibrator .  Coding of the re t ic le  is  such 
t h a t  the output of the second-harmonic phase de tec tor  i s  modulated 
a t  the spin frequency; the lock loop locks t o  t h i s  spin-frequency 
cornponen t and the t r a n s  i ' t ions of the mu1 t i v i b r a t o r  provide a n  
accurate  - ind ica t ion  of spin phase. 

To lock the frequency and phase of the sensor seco9d- 
'harmonic phase de tec tor  t o  the  amplified de tec tor  output ,  a second 
voltage-controlled mult ivibrator  i s  used. ?'he frequency of t h i s  

. device i s  control led by the  f i l t e r e d  output  of the fundamental 
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phase d e t e c t o r .  
on ly  stable cond i t ion  occurr ing  when  the fundamental b is table  
frequency i s  locked t o  the s i g n a l  frequency. 

This  i s  e s s e n t i a l l y  a closed-loop servo  with t h e  

E l e c t r o n i c a l l y ,  t h i s  system is  one of t h e  l e a s t  complex 
and t h e  most " s o l i d "  because i t  i s  completely coherent .  
h a s  the sma l l e s t  no ise  equiva len t  angle  i n  t h e  f i n a l  ou tput  s i n c e  
t h e  bandwidth can  be as narrow as t h e  expected veh ic l e  tilt r a t e s  
w i l l  al low. 

I t  a l s o  



OPERATING W N G E  

Note: As was d iscussed  i n  Sec t ion  I V . B ,  it was found, during 
design of the coherent  s ignal-processing e l e c t r o n i c s ,  t h a t  t h e  
l i m i t i n g  e f f e c t  as f a r  as long-range opera t ion  i s  concerned i s  dc 
o f f s e t s  a t  the i n p u t s  t o  the i n t e g r a t i n g  a m p l i f i e r s  r a t h e r  than  
noise .  The fol lowing d i scuss ion  of t h e  s tudy  of s ignal- to-noise  
r a t i o  and opera t ing  range i s  included h e r e  as i n d i c a t i v e  of t h e  
encompassing i n v e s t i g a t i o n s  undertaken i n  connection with t h e  design 
program. 

Signal- to-noise  (S /N)  c a l c u l a t i o n s  were made and maximum opera t ing  

Non-coherent e l e c t r o n i c s  with s o l i d - s t a t e  d e t e c t o r .  

ranges predi.cted f o r  f o u r  ve r s ions  of *the EAS: 

1) 

2 )  Non-coherent e l e c t r o n i c s  with photomu1.tiplier t u b e .  

3 )  Coherent e l e c t r o n i c s  with s o l i d - s t a t e  d e t e c t o r .  

4 )  Coherent e l e c t r o n i c s  w i t h  photomul t ip l ie r  tube. 

S i n c e  t h e  maximurn ope ra t ing  r a q e  of any system tha t  measures r e f l e c t e d  
s u n l i g h t  i s  a func t ion  of phase angle, maximum ranges versus  phase 
angle  w e r e  c a l c u l a t e d ,  based on the assumed condi t ions  l i s t e d  below. 
The e f f e c t  of t h e  p e r i o d i c  p u l s e  of solar f l u x  was i.ynored. 

Eiar~eter  of o b j e c t i v e  l e n s  . 18 mrr, ( 0 . 7 1  i n . )  

Transmission of o b j e c t i v e  l e n s .  90% 

Transmission of condensing l e n s  90% 

Transmission of b lue  and 
r ed  f i l t e r s  

F'OV width 

Earth cond i t ion  . 

Pho t o m u  1 t i p  1 i e r tube 

Sol id-s t -a te  d e t e c t o r  

90% wi th in  design 
bandpass 

0% ou t s ide  design . 
bandpas s 

100 (+ l . 5 "  f o r  
t o l e  r a  nc e ) 

"Red" (conservat ive 
case )  e R a n g e  w i l l  be 
g r e a t e r  w i t h  e a r t h  i n  
average ("b1ue") 
conditi.on. 
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S/N: Non-coherent system 10/1 peak s i g n a l  t o  
O-to-peak noise  

C oh ere n t system 

Temperature 

Mission 

3/1 peak s i g n a l  t o  
r m s  no ise  

.Ambient (20 t o  2 5 O C ) *  

I n  o r  c l o s e  t o  e c l i p t i c  
p lane  

R e s u l t s  of these c a l c u l a t i o n s  are shown i n  Figures  E-1  through 
E - 3 .  
raqge. With t h e  photomult ipl ier- tube systems, t h e  ope ra t ing  reg ion  
i s  e n t i r e l y  bounded by t h e s e  o t h e r  f a c t o r s ,  which are descr ibed  
b r i e f l y  below. 

A s  can be seen,  s e v e r a l  f a c t o r s  bes ides  S/N l i m i t  opera t ing  

1) A t  d i s t a n c e s  where t h e  V-magnitude of t h e  e a r t h  i s  -1 
o r  g r e a t e r ,  t h e  e a r t h  s i g n a l  drops t o  a l e v e l  comparable t o  t h e  
s i g n a l  of some of t h e  b r i g h t e r  s t a r s .  
t u r e s  vary widely; some appear redder  than t h e  e a r t h ,  some b l u e r ,  

' and some about  the same. A.l.though d i sc r imina t ion  a g a i n s t  s t e l l a r  
t a r g e t s  could be incorpora ted ,  t h e  complexity of such a device exceeds 
t h a t  of t h e  EAS as conceived a t  the t i m e .  

These s t e l l a r  c o l o r  tempera- 

2 )  The EAS w i l l  no t  ope ra t e  when t h e  angular  s epa ra t ion  of  
t h e  e a r t h  and t h e  sun, as seen from t-he s p a c e c r a f t ,  i s  equal  t o  o r  
less than t h e  width of t h e  sensor  FOV (a long t h e  s p i n  d i r e c t . i o n ) .  

3)  There i s  a l i m i t  on how c'iose t o  t h e  sun t h e  sensor  
(and t h e  s p a c e c r a f t )  can approach and B t i l l  opera te .  This  l i m i t  
depends t o  a l a r g e  e x t e n t  on spacec ra f t  thermal des ign ,  e t c . ,  and 
was no t  considered i n  the above c a l c u l a t i o n s .  

Another f a c t o r  t h a t  in f luences  ope ra t ing  range i s  t h e  exponent ia l  
decay of  t h e  s o l i d - - s t a t e  d e t e c t o r  output  a f t e r  t h e  sun h a s  passed 
from t h e  f i e l d  oE view ( r e f .  Sec t ion  IV.C.2.d). I n  t h e  non-coherent 
s igna l -process ing  system, t h e  sun-generated 20.4-mV exponent ia l  
decay would not  i n c r e a s e  t h e  region of s u n  i n t e r f e r e n c e  enough t o  . 
change t h e  ope ra t ing  reg ion  and range, as shown i n  Figure E-1. T h i s  
i s  p a r t i c u l a r l y  t r u e  s i n c e  t h e  vol tage  i s  appearing simultaneously 
at both i n p u t s  t o  the d i f f e r e n t i a l  p reampl i f i e r  (both d e t e c t o r  sey-  
ments are exposed t o  t h e  s u n  a t  t h e  sams t i m e ) .  The equiva len t  n e t  
i npu t  is t h e e  only a funct ioi l  of t h e  unbalance between l i g h t  fa.ll-ing 
on t h e  two d e t e c t o r  segments. 

- ____.- -I- -- 
* A t  lower temperatures ,  down t o  - l O ° C ,  the S/N w i l l  s t a y  t h e  same 
o r  improve s l i g h t l y .  A t  h ighe r  temperatures ,  up t o  50 or  6 0 ° C ,  t h e  
S /N w i l l .  be reduced by about 50%. However, t hese  h igh  ambient tempera- 
t u . r e s  should occur only dxri3rj cl-osc approaGlies t o  t h e  s u n  WbCn t h e  
e a r t h  is  about 1 AU d i s t a n t  a t  phase angxes g r e a t e r  than 90 degrees. 

.. 
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I n  t h e  coherent  s ignal-processing system, however, t h e  e f f e c t  
i s  more severe ,  s i n c e  the minimum e a r t h  s i g n a l  can be a s  l o w  as 
0 .5  p,V a t  t h e  maximum ope ra t ing  ranges.  The manner i n  which t h e  
operat,ing region o f  t h e  coherent  system i s  a f f e c t e d  i s  somewhat 
complex, as  i s  r e f l e c t e d  q u a l i t a t i v e l y  i n  F igure  E-4. The reason 
f o r  t h i s  complexity i s  tha t  t h e  d e t e c t o r  ou tput ,  because o f  i t s  
exponent ia l  c h a r a c t e r i s t i c s ,  does not  cause a f ixed  i n c r e a s e  i n  t h e  
sun  i n t e r f e r e n c e  angle* b u t  i n s t e a d  has a varying e f f e c t  t h a t  i s  
dependent on the s i g n a l  amplitude a n d . i s  t h e r e f o r e  a func t ion  of 
not  only range b u t  a l s o  of phase angle .  

* Sun i n t e r f e r e n c e  ailgl-e L s  def ined  a s  the minirnuni angle  t h a t  can 
ex i s t  ‘be tween the earth and sun lock l - i n e ~  wiirhout impairing system 
performance, 
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APPENDIX F 

WIDE.-ABJGLE FOV CONCEPTS 

A s  noted i n  the  main t e x t ,  t h e  o p t i c a l  conf igu ra t ion  under 
cons ide ra t ion  d i d  no t  appear s u i t a b l e  f o r  wide-angle FOV appl ica-  
t i o n s  0 5 0  degrees} without  modif icat ion.  For an FOV of 50 degrees ,  
t h e  diameter of the d e t e c t o r  s e n s i t i v e  area m u s t  be approximately 
t w i c e  t he  diameter of t h e  o b j e c t i v e  l e n s ,  even with a very f a s t  
condensing l e n s  system (f-no. =: 0 . 7 ) .  The d e t e c t o r  s i z e  inc reases  
r a p i d l y  with FOV a t  angles  l a r g e r  than 50 degrees .  

1. I n i t i a l  D e s i 3 n s  - 
Schematics of two ve r s ions  s u i t a b l e  €or  a wide-angle EAS 

a r e  shown i n  Figures  F-1 and F-2. The  conf igu ra t ion  of Figure F-1 
would be s u i t a b l e  f o r  use w i t h  s o l i d - s t a t e  6 c t e c t o r s .  I n  this 
approach, t h e  wide 'FOV i s  covered by using t h r e e  o p t i c a l  channels ,  
id.en-kica1 except  f o r  t h e  r e t i c l e s ,  o r i e n t e d  as ind ica t ed .  The 
"bl-ue" d e t e c t o r s  (one i n  each o p t i c a l  chamnel) arn, connected i n  
parallel, a s  a r e  t h e  " red"  d e t e c t o r s .  T h e  three channels l i e  i n  
a plane perpend.icular t o  t h e  veh ic l e  s p i n  d i r e c t i o n .  A more 
compact conf igu ra t ion ,  with khe t h r e e  channels no t  l y ing  i n  t h i s  
p lane ,  would r e s u l t  i n  a formidable sun-shielding problem. The 
approximate r e t i c l e  p a t t e r n s  ( for  a noii--cohercnt signal--processing 
system) a r e  a l s o  shcrwn i n  F igure  F-1. 

S ince  t h e  above wide-angle approach requires mul t ip l e  
dk- t ec : to r s ,  it is  not  p r a c t i c a l  for a sensor  using photomultipj ier  

f i b e r - o p t i c s  condenser. This system c o n s i s t s  of a s i n g l e  o p t i c a l  
channel with a wide-angle o b j e c t i v e  l e n s .  A s l i g h t l y  curved f o c a l  
surEace i s  i n d i c a t e d ,  s i n c e  a f l a t - s u r f a c e  wide-angle l e n s  would 
r e q u i r e  more e l e m e n t s  and be bulkier. Tlie ret icle p a t t e r n  a t  the 
f o c a l  su r f ace  is  a composite of t3e t h r e e  shown i n  Figure F-1.. 
The en t rance  a p e r t u r e  of t h e  f i b c r - o p t i c s  bundle i s  loca ted  some- 
what behind the  foca l  su r face  so  t h a t  t h e  e a r t h  image is  s u f f i -  
c i e n t l y  defocused t h a t  the b l u r  c i r c l e  i s  l a r g e  i n  comparison w i t 3  
t h e  s i z e  of the ind iv idua l  f i b e r s ,  A s  i nd ica t ed ,  a l t e r n a t e  f i b e r s  
in t h e  condenser en t rance  a p s r t u r e  a r c  d i r e c t e d  t o  t h e  red and 
b l u e  f i l t e l r s  i n  f r o n t  of t h e  detect .or,  which could be e i t h e r  a 

. photoinultip1_i.er tv.be o r  a s o l i d - s t a t e  d e t e c t o r .  The maximum range 
of this approad-: would probably be s l i g h t l y  smaller khan t h a t  of 
a na r row- -aq le  ve r s ion  using an equiva len t  ob j e c  t ive- lens  apert-ure 
and a conventional co~idensinq l e n s ,  due to l i g h t  losses i n  t h e  
fibers and c r o s s  t a l k  be tweeii ad jacen t  f i b e r s  a l t e r n a t e l y  directed.  
t o  the red  and b lue  c h a n n e l s ,  

-tubes. Figure F-2 is a schematic of a wide-angle system using a 

2 .  =roved %sign  -- 
A Less bulky wide-angle dcsign approach is  silown i n  

F igure  F-3. The o p t i c s  are Lhe same i n  concept as  f o r  t h e  system 
shown i n  Ficjui-c 22  ( S e c t i o n  1 V . A )  , but the c l e s i g n  d i f f e r s  sonw$:lat 
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i n  phys i ca l  appearance. The o b j e c t i v e  l e n s  
concent r ic  l e n s  capable  of providing an FOV 
adequate r e s o l u t i o n  over the e n t i r e  f i e l d .  

i s  a single-element 
of 120° x 19"  with 

The s u i f a c e  of best  focus f o r  conceneric  l enses  i s  spherical. 
The s p l i t - r e c t a n g l e  re t ic le  and t h e  en t rance  a p e r t u r e  of the con- 
densing system are co inc ident  w i t h  th is  spherical su r face  as  ind ica t ed .  

The purpose of the condensing s y s t e m  is  t o  form a n  image 
of t h e  ob jec t ive - l ens  a p e r t u r e  on t h e  p lane  of t h e  d e t e c t o r s .  If 
t h e  dekector  a r r a y  c o n s i s t s  of p a r a l l e l  r ec t angu la r  segments, i t  
can be seen t h a t  a convent ional  two-dimensional image i s  no t  re- 
qui red  as long as t h e  r ays  from one s i d e  of t h e  o b j e c t i v e  lens are 
i n c i d e n t  on one of t h e  d e t e c t o r  segments while  t h e  r ays  from t h e  
o t h e r  s i d e  of t h e  o b j e c t i v e  l e n s  a r e  i n c i d e n t  on t h e  o t h e r  segment. 
An a l t e r n a . t i v e . t o  t h i s  would be f o r  r ays  from all p a r t s  of t h e  
ob jec t ive  l e n s  t o  3n.e random with r e spec t  t o  which of t h e  two de-tec- 
t o r  segments they  s t x i k c ,  r ega rd le s s  of t h e  p o s i t i o n  of t h e  t a r g e t  
imaye i n  t h e  foca l  p lane ,  I t  can be shown t h a t  t h i s  cannot be 
accomplished with a l i g h t  pipe of f i n i t e  length. Eence a c y l i n d r i -  
cal  condensing l e n s  arrangement i s  ins ta l led .  i n  the p ipe  so t h a t  
t h e  ob jec t ive  l e n s  i s  imaged along t h e  dimension perpendicular  t o  
t h e  long s i d e  of t h e  d e t e c t o r  segments. A b,lae f i l t e r  i s  placed 
on one d e t e c t o r  segment and a red  f i l - l e r . o n  khe o t h e r .  

The requirement for an FDV of 1 2 0  degrees  ( i n  a direc:tion 
perpendicular  to t a r g e t  motiioi-1) can be s a t i s f i e d  by the simple 
concent r ic  l e n s  shown i n  Pig?xre I.'-4 (on w h i c h  a nominal. design i s  
given) . 
.following: 

a) I t  v i g n e t t e s  approximately a s  cos 0 , where 8 is  t h e  
.angle of depa r tu re  from t h e  o p t i c a l  a x i s F *  i n s t e a d  of cos4 8, as 
i s  the case  f o r  most convent ional  lenses'. 'I'hus a t a r g e t  6 0  dkgrees 
o f f - ax i s  would image one-half t h e  energy it would i f  on-axis,  i n s t e a d  
of about 28% as i s  t h e  case  with more convent ional  l enses .  

Some O E  the at.t-racti_ve ~e;31:1-~.res of .~IIE? l e n s  are t h e  

b) A l l  angles  i n  t h e  o b j e c t  space are reproduced f a i t h -  
f U . 1 1 ~  i n  t h e  image space; i - e . ,  t h e  d i s t o r t i o n  i s  zero  by d e f i n i t i o n .  

c)  The weight of the l e n s  ( g l a s s  only)  i s  I . 5 9  ounces. 

d)  Tbe r e s o l u t i o n  i s  almost cons t an t  over t h e  entire 
f i e l d  with a c i rc le  of confusion of 0.45 degree,  

Severa l  design v a r i a t i o n s  f o r  t h e  cordensing system were 
considered,  a l l  involving coinbination l i g h t  p ipes  and condensing 
l enses .  A l j q h t  p ipe ,  shaped as i nd ica t ed  i n  F igure  F-3, with 
f l a t  i n t e r n a l l y  r e f l e c t i n g  w a l l s  wi1.I serve s e v e r a l  purposes F i r s t ,  

, -_1----11_--- I_Iu_ ---.-L-y---__. _-_ 
*The axis i n  tnis case  i s  def ined  as khe common con te r  of curva ture  
of t h e  two surfaces, a l s o  coni:aining t h e  cen%er of t h e  c i r c u l a r  aper- 
t u r e  s top .  Otherwise, a concent r ic  l e n s  h a s  no opkicz l  ax i s .  
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Focal Length ( to  D i s k  of Least C o n f u s i o n )  = 0.935 i n .  
D i a m e t e r  03 D i s k  of Confusion = 0.00780 i n .  

= 0.0078 rad 
- -- 00451 

D i a m e t e r  of Lens L= 1.363 in. 
f-no. = 1.25 

S P H E R I C A L  OEJECTIVE LENS 
FOR WIDE-ANGLE O P T I C S  

FIGUKE €7-4 
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i n  t h e  d i r e c t i o n  i n  which c y l i n d r i c a l  l enses  have no power, the 
end walls of t h e  p ipe  w i l l  r e f l e c t  i n c i d e n t  r ays  and prevent  beam 
divergence i n  t h i s  d i r e c t i o n .  Second, t h e  s i d e  w a l l s  of t h e  p ipe  
w i l l  re2lect some of t h e  extreme rays  tha t  would normally f a l l  
w e l l  ou t s ide  t h e  image reg ion ,  This w i l l  be p a r t i c u l a r l y  t r u e  i f  
F re sne l  equ iva len t s  of t h e  c y l i n d r i c a l  l e n s e s  are used. Thi rd ,  
the l i g h t  p ipe  can se rve  a s  a s t r u c t u r e  f o r  t h e  mounting of the 
condensing l e n s e s .  
densing l enses  is shown i n  F igure  F-5a and t h e  Fresnel equiva len t  
in Figure.F-5b. 
l e n s e s ,  they  would be made of molded p l a s t i c  . (probably an a c r y l i c )  . 
Although ths l e n s  design w a s  n o t  d e t a i l e d ,  probably t w o  strips 
would be requi red .  I t  can be seen t h a t  t h e  su r face  of b e s t  focus 
i s  no t  i n  a p lane  b u t  i n  a c y l i n d r i c a l  'surface.  A d e t a i l e d  design 
would determine whether or not  t h e  placement of t h e  d e t e c t o r  a r r a y  
i n  a plane would be s a t i s f a c t o r y .  I f  n o t ,  the d e t e c t o r  could be 
segmented a s  i n d i c a t e d  i n  Figure F-3, 

A conSentiona1 ve r s ion  of t h e  c y l i n d r i c a l  con- 

Because of t h e  unconventional shape of these 

The s p l i t - r e c t a n g l e  r e t i c l e  p a t t e r n  w i l l  f i t  w i th in  an FOV 
of aborrt 120° x 19'. The s lope  of t h e  s p l i t  r ec t ang le s  near t h e  
n u l l  p o s i t i o n  i s  designed t o  produce a s  low a s c a l e  f a c t o r  a s  
p o s s i b l e  and s t i l l  y i e l d  a no ise  equiva len t  angle  of *1/2 degree 
(with a s a f e t y  f a c t o r  a l lowance) .  A h i g h e r  s c a l e  f a c t o r  would 
r e s u l t  i n  a smaller no i se  equ iva len t  angle  but would r e q u i r e  a 
w i d e r  elec t r i c a l  bandwidYn , thus reducing maxinun opera t ing  range 
A t  p o s i t i o n s  awal7 .from n u l l ,  the s lope  i s  such as t o  alloh7 decreased 
accuracy, aga in  i n  o rde r  t o  hold  t o  a narTow e l e c t r i c a l  bandwidfh. 

S k c e  t k i e  ops ra t ing  ran?:.. of the CAS is less than  1 5  m i l l i n n  
iqiles, signa1.s from p l a n e t s  o the r  than the earkh need no t  be con- . 
s ide red  s i n c e  they  w i l l  no t  reach t h e  threshold  l e v e l  t o  t r i g g e r  
t h e  Sckirnitt i n  the s ignal-processing e l e c t r o n i c s .  Therefore ,  only 
.the moon need be considered i n  choosing t h e  f i l t e r s  f o r  c o l o r  d i s -  
c r imina t ion .  
lunar -s igna l  ou tput  from t h e  d i f f e r e n t i a l  amp1 i f i e r  arc a shor t -  
wavelength pass f i l t e r  w i t h  a sharp  cut-off  a t  approximately 

' 0.725 p ( " b l u e " )  and a long-wavelength pass  f i l t e r  with a sharp  
cut-off  a t  approximately 0 . 7 2 5  p. ( ' ' r e d ' ' ) .  

T h e  f i l t e r s  requi red  t o  produce a s l i g h t l y  negat ive 
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APPENDIX G 

SUN SHIELDING 

Thb purpose of a sun s h i e l d  i s  t o  enable  an e a r t h  sensor  t o  
perform proper ly  when t h e  s u n  i s  i n  t h e  v i c i n i t y  o f ,  b u t  n o t  within, '  
t h e  FOV. The reason d r a s t i c  sun-shielding measuresmust be taken 
can be understood when one cons iders  t h a t  the r a t i o  of s o l a r  
i r r a d i a n c e  t o  t h e  i r radia 'nce of the fully i l lumina ted  e a r t h  a t  a 
d i s t a n c e  of 5 m i l l i o n  m i l e s  i s  about 4 X 106. A t  g r e a t e r  d i s t a n c e s  
from t h e . e a r t h ,  th is  r a t i o  becomes h ighe r .  Although it w a s  not  
w i th in  t h e  scope of t h e  c o n t r a c t  t o  b u i l d  a -sun s h i e l d ,  the problem 
was inves t iga t ed  b r i e f l y  t o  determine t h e  amenabi l i ty  of t h e  EAS 
being designed t o  sun sh ie ld ing .  

T r a d i t i o n a l l y ,  solar  g l a r e  i s  a l l e v i a t e d  by means of a blackened 
con ica l  s h i e l d i  sometimes with i n t e r n a l  concent r ic  r i n g s  a l s o  black 
and w i t h  sharp  edges. Not only are t h e s e  incomplete, they a r e  also 
unpredic tab le ,  because t h e  amount of r e s i d u a l  r e f  l ec t io r ,  cannot be 
def ined  accu ra t e ly  and. because t h e  pa th  and i n t e n s i t y  of d i f f u s e  
r e f l e c t i o n  are very d i f f i c u l t  t o  c a l c u l a t e  q u a n t i t a t i v e l y .  

The device shown i n  F igure  G - 1  i s  based on two p r i n c i p l e s ,  once 
the b lue  .sky back.ground h a s  been e l imina ted  .by space: 

A s  with any 
.when d i r e c t  

Specular r e f l e c t i o n  cai3 be c a l c u l a t e d  exac t ly .  . 

A henisphere  with L t . s  a p e r t u r e  a t  i t s  c e n t e r  of cu.rvature 
w i l l  form an image of t h i s  a p e r t u r e  s t o p  a t  t h e  real 
r?pe_r-!:i~._rp . - . . h ~ p ,  afid th?js all 1iqh.L falj-inc; c\n specular  
hemisphere w i l l  r e t u r n  t o  i t s  p l ace  of o r i g i n .  

so l a r -g l a re  s h i e l d ,  t h i s  one would be e f f e c t i v e  only 
s u n l i g h t  i s  no t  i n c i d e n t  o n - t h e  o b j e c t i v e  l e n s , '  

The o u t e r  su r f ace  of t h e  hemisphere i s  coated wiYn a t r anspa ren t  
black whose dyed base h a s  the same index and d i spe r s ion  as t h e  
op- t ica l  g l a s s .  The coated inne r  s u r f a c e  r e f l e c t s  only about 1/2% of 
t h e  i n c i d e n t  l i g h t .  Of t h i s  very small f r a c t i o n  of s u n l i g h t  t h a t  
i s  ref l e c t e d ,  e s s e n t i a l l y  a l l  r e t u r n s  through t h e  s h i e l d  a p e r t u r e  
t o  space.  , Thus, when t h e  sun i s  o u t s i d e  the s o l a r  exc lus ion  angle ,  
t h e  only s o l a r  rays t h a t  can s t r i k e  t h e  o b j e c t i v s  lens a r e  those 
r e f l e c t e d  from such g l i n t  p o i n t s  a s  d u s t  on t h e  g l a s s  o r  d e f e c t s  i r r  
t h e  g lass .  

A soniewhat modified concept t h a t  would result i n  weight saving 
could be used wi t3  the EAS. I f  t h e  veh ic l e  s p i n  a x i s  i s  perpendi- 
c u l a r ,  o r  c l o s e  t o  perpendicular ,  t o  t h e  v e h i c l e  sun l i n e ,  the 
s o l a r  look angle  w i l l  be a t  o r  c l o s e  t o  90 degrecs  and the s o l a r  
image wi1.1 sweep by t'hc imacre su r face  of t h e  ob jec t ive  l e n s  a t  t h e  
n u l l  p o s i t i o n .  Thus, no sh ie ld ing  would be requi red  for solar 
p o s i t i o n s  a t  l a r g e  s o l a r  look angles. The modified concept would 

? 
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c o n s i s t  of two c y l i n d r i c a l  r e E l e c t o r s  t h a t  would prevent  g l a r e  i n  
t h e  19-degree FOV d i r e c t i o n  and ignore  p r o t e c t i o n  i n  t h e  120-degree 

"h.orse. b l i n d e r s  e I '  

. FOV d i r e c t i o n .  The s h i e l d  would have t h e  appearance of curved 

1.64 
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